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The chapters i n  this volume continue the HAW study of cmbuetion  principles 
for  &craft  propulsion.  Information on the vaslous aspects of cmbustion perti- 
nent to Jet  engines is orgauized and in te rpre ted   in  this study. The sources  of  in- 
formation are qulte extensive,  particularly for basic, or fundamental, subject 
wazter. 

The re2ort concerns &-breathing engines and hydrocarbon fuels, and not  rocket 
engines and high-energy fuels. An05her l imitation i s  that  the references have been 
selected to  Uustrate important  pointsj  thus the Mblto&p-aphles, w h i l e  thorough, 
are not  cauplete. 

De previous  chapters {Volume I - Baeic Co&derations .In the Combustion of 
Hydrocarbn Fuels  with Air, N4CA RM E54IO7) r e v i e w  such fundamntal  processes as 
a tadza t ion  and evapo-ration of' fuel,  flow and mixing of gases, iguit ion and flam- 
mability, laminar and turbulent flames, flame stabilization,  diffusion flames, os- 
cill+tions i n  canbustors, and smoke and coke. The practical significance of each 
of these processes t o  combustor design i s  brLefly discussea therein. 

The present  chapters describe the observed perfarmance and deslgn problems of 
e-ne canbustors of the principal t y p e s .  Included i n  the discussion are combustor- 
fnlet conditions;  starting,  acceleration, combustion Ilndts, cunbustfon  efficiency,' 
coke deposits,  and smoke formation i n  turbojets; ram-jet  perfomancej and after- 
burner performaLxe and design. An attengt Fs made t o  interpret  performance i n  terms 
of the fundmnental procesaes and theories revLewed i n  volume I. 

Volumes I and II provi.de the basis fo r  future e f f o r t s   t o  define cmbustor de- 
sign principles. Accordingly the  studies i n  these volumes wLll be further inter-  
preted i n  order to develop specific guide 39nes for the design of high-speed com- 
bustion systems. A t  the s- time an attempt WLIl be made to extend the &sting 
information t o  meet the conditions imposed by future flight requirements. 

w. T. O l s o n  
C h i e f ,  Fuels and C d u s t i a n  Research  Division 
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By Wilfred E. Scull. and Anthony W. Jones 

StudAes of the fnnAn.mnntsl.1 processes of conibustion are  use concerned with 
w i d e  ranges of investigation of individual  processes. I.n general,  each fmdamzntal 
combustion process m q  be studied in an environment that i s  mst suited to  its ev&- - 
ation and possibly  unrelated basically to any practical  application. The majority of 
the data presented in volume I of t h i s  series cornern the fundamental asgects of com- 
bustLon as functions of the individual occurrence of various contributing  processes. 

In a jet engine, however, the various fundamental combustion processes may OCCUT 
simultaneously and may interact. Furthermore, the engine environment usually does 
not permit independent variation of single combustion prameters,  sbce  specified 
operating  conditions inq?ose specific values on the parameters. In volume 11, data 
are presented t o  shL3bT the effect  of operating  conditions on the over-all. colabwtion 
process in different combustion components. To show the effect of operating condi- 
tions, it is necessary to  specify the range of these con&iti.ons within which coukus- 
t ion components may operate. 

Therefore, this chapter  presents only the operating  conditions that might be 
required i n  the primary combustors and afterburners of typical current turbojet 
engines. (Corresponding Mormatian on ram-jet engines is presented ~n ch. m.) 
This cbapter is  not intended to serve as an explanation of engine  operation. The 
operating  conditdons of the conbustion corqponents are presented in terms of total. 
pressures and temperatures at the primary-conibustor and afterburner inlets, reference 
velocFties and outlet  total temperatures of the p r i m ~ a r y  combustors, and velocities at 
the  plane of the flsmsholder in the  &terburners. The data are presented t o  relate 
the  operathg ?egions of‘ typical  current  turbojet conibustion components t o  flight 
alti tudes,  h h c h  numbers, esd modes of engine operation.  SpectficaUy, data are pre- 
sented for the combustion parameters of the primsry cor&~ustor and afterburner of 
three  turbojet  englnes havlng rated compresaor total-pressure r a U o s  of 5, 8, and l2 
M e r  full-throttle  conditions. Operational data for the primary combustor also 
include part-throttle  operation a t  70, 80, and 90 percent of rated enggine speed and 
w i n d m i l u s g  operation. The range of flight conditions  includes altltules f r o m  sea 
l eve l   to  65, OOO f e e t  and f l i g h t  Mach numbers from zero to 1.6. ’ 

A cross-sectional area 

f fue l - a i r  r a t i o  

N engine rotational speed 

P absolute  pressure 

T absolute  temperature 

V velocity 



w weight-flaw rate 

8 ra t io  of total pressure  to NACA atandard sea-level pressure 

e ra t io  of total temperature t o  mAcA standard sea-level temperature 

P density 

Subscripts: 

A,B,C engine h, B, or C 

a air 

ab 

C 

g 

r 

S'l 8 
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Engine Description8 

All operating  conditions  preeented hereln are theoretical.. &ever, the condi- 
tions m e  for three turbojet-engine deaigner choaen t o  cover representatiye  current 
couibustion components and their  operation.  Basic  descriptive Ckta for tk three 
engines m e  presented Fn table I. " - 

Three engines having sea-kvel 'rated compressor total-pressure ra t ios  . o f  5, 8,  
and L2 were considered. The coaustor reference areas, that Is, the maximum cross- 
sectional area of the combustor housing and the =ea of the af%erburner houelng at 
the plane of the flameholders, correspontl t o  the actual areas of current  tur?mJet 
engines having approximately the same rated. conprreesor total-preeeure  ratios. [che 
sea-level rated air flows of each  engine were chosen so that the  reference  velocities 
of the primary combuetora at rated conditions apgroximated the reference velocities . 
i n  a current engine of the  type  specified. Compres.sor operational  dharacteristica 
were extrapolated f r o m  the compressor map of a current engine for engine A. For en- 
gines B and C, the compressor operational charaderistica were  extrapolated from the 
performance map of a high-performance lpACA compressor. The  ccmrpresaor maps of engines . 
A, B, and C w e  presented in figure 1. Maximum turbine-Inlet total temperatures were * 

specffled to  be 2060° R, a value which conforme closely to those used for current 

~ .- .. * 
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engines.  Turbine adiabatic  efficiencies and conibuetor total-pressure-loss  ratios 
were actual values for current  turbojet  engines approxtmsted by the &sign specifi- 
cations.,  Full-throttle  operation vas specified to be at a constant mechanical  engine 
speed. ~ t - t h r o t t l e  operation was determined at  three  percentages of rated engine 
speed. The engines w e r e  considered to have variable-area exhaust nozzles. 

-€ne operation 

Although the engines  discussed  herein were primarily intended for  subsonic op- 
eration, some data are presented for the  transonic and sqersonic  regions to  shar the 
ranges and trends of operating  conditione a t  high Mach llumbers. 

A schematic diagram of a typical turbojet engine  together Kitk the  over-all 
trends of pressures,  temperatures, and velocities of air and gases as they pass 
through the engine is shown in figure 2. A t  subsonic f l i g h t  speeds, ambient air 
entering  the  engine is corqYessed adiabatically in the M e t  =user with R 8- 
loss in total pressure. Fui.ther compression occms as the a i r  pasees  through the 
engine compressor. Fuel is added to the  compessed air and conibustion occurs in  the 
primary combustor, with an accompanying r i s e  in total and static teqeratures  and 
g a s  velocities. A decrease in total and static pressure OCCLIZS because of the 1110- 
mentum change Iqa;rted to the  gases by the addition of heat. 5 e  hot combustion 
gases expand through the  turbine to  lower pressures and temperatures. The turbine 
remves only enough energy  from the gases to  operate the coqressor and overcome any 
mechanid inefficiencies. The  somewhat cooler, farer-pressure gases are  expanded 
t o  auibient pressure through the  exhaust nozzle. The high-velocity gases leaving the 
exhaust nozzle produce a j e t  thrust to propel  the unit. A t  supersonic  flight speeds, 
h o c k  waves attend the compression process a t  or ahead of the engine W e t  and in- 
crease the  total-pressure Loss of the inlet diffuser.  Othemiae,  the  procesrJ is  the 
same as f o r  subsonic f l i g h t  speeds. 

In  engines  with afterburners, additional fuel is  added to and burned with a e  
gases  leaving the turbine. The temperature of the gases in the afterburner is raised 
to a much higher average t eqe ra tu re  t2ran would be allonable in the primary conibus- 
tar, which  must operate at temperatw.es 1FmiM by the stress requirements of the 
turbine. The additional rcumentum i-ted to the gases fn the afterburner by the 
addition of heat  increases  the  velocity of the gases expanding through the jet  nozzle' 
and thus augments the thrust that a nonafterburning  engine mighC develop. An after- 
burner is usually operated only under fu l l - th ro t t le  engine  operating  conditions. 

PrFmary-combuetar operating  co&tims  are defined as the  coaibustor-inlet total 
pressure and temperature,  reference  velocity, and combustor-outlet to ta l  temperature. 
From the preceding paragraphs, conibustor-inlet total pressures and temperatures me 
seen  to depend pr imesib on the flight altitude and Mach number and on the opera.- 
tional  characteristics of the diffuser and the compressor-turbine conibination. Com- 
bustor  reference  velocity i s  defined ae 

w h e r e  . . -  
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w 
a, c 

weight-flow rate  of aLr through p-imary COmbU6tOr 

'a,t,3 
This  parameter i s  a function of these same variables and the canlbusbr-houeing maxi- 
mum cross-sectional area. The - conibustor-outlet total temperatme (or turbine- 
inlet total temperature) &spends p r i m i 3 y  on the deelgn and material of the turbine. 
Afterburner-inlet total preseures and €emperaturea are function6 of the ~ 8 m e  varisblea 
as the  combustor-inlet conditione, xith addttional dependence on the design and op- 
erating  cha;racteristics of the combustor, turbine, and afterburner-inlet diffueer. 
Afterburner gas velocity i e  defined as 

combustor-inlet total   density 

w a, c ( l + f c + f  1 
'ab,g = 

ab 
b b ,  6%3,6 

. .  

cross-sectional area enclosed by afterburner housing a t  flameholder plane 
- 

fuel-air ratio  in  afterburner 

fuel-& r a t i o .   i n  primary . .  combustor 

afterburner gas velocity 
.. . - -  . . .- 

. - " 

w e i g h t  pec unit volume of gases at phne  of flameholder Fp aiterburner 

This parameter is a function of the same variables together xlth the cmas-eect;lnnal 
area  enclosed by the afterburner housing at  %he plane of the Fhneholders. 

In  this chapter,  the primary-combustor operating paxameters were determined for 
full-throttle,  part-throttle, and engine winhillhg operation. wlng operatlon of 
the engine was not considered. Afterburner  operating  condition6 were determined for 
full-thrott le engine operation an3 are  aiscussed  eeparately. 

OPERATING COmDTl!TIOI?S 

F L U  throttle. - The calculations of f a - t h r o t t l e  operation of alJ. englnee 
were based on a constant mechanical. engine spesd, maximum turbine-inlet total tern- 
perature  (combustor-outlet total temperature of 2060° R, and use of variable-area 
exhaust nozzles GO maintain choked though the turbine mzz>s  (ref.  1). 

Conibustor-inlet total pressure and total tenperatme and reference velocity for 
engine A over a range of f l ight   a l t i tudes an& Mach nmibers are presented in figure 3. 
A l l  parameters increase as the &ch number lncreasea at eury flight altitude, the ln- 
=ease becoming greater as the f l i g h t  Mach number increases. Confbustor-inlet total 
pressures  decrease  vith  increaees in altitude at  any fUght Mach nuniber. 

*. . 

A t  any flight Mach nuuiber, combustor-Inlet total temperatures and reference 
velocities decrease as  the altitude  increases t o  the m a u s e  (36,089 ft) and 
remain constant a t  higher dtitudes if Reynolds mmiber effect8  are  neglected. Hlgh- 
altitude operation at  l o w  Reynolds numbers generally r e s u l t s  in decreased component 

- . .  . .  - "" . . ." - - . .) - . . . . . - . . - - . . .. . . " 
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efficiencies in a turbojet engine. The air flox is generally reduced, wheeas the 
temperature ra t io  across the compressor is usually increased. The trend of the pres- 
sure  ratio  across the compressor cannot be predicted  accurately, and therefore,  the 
effect of t h i s  type of  operation on the reference velocity cannot be predicted  wtth 
certainty either. 

Shown i n   f i gu re  4 are combustar-inlet total pressure and total temperature and 
reference  velocity for engine B over a rasge af altLtudes and f l i g h t  speeds. The 
trends of the combustion parameters a re  similar to those of -ne A; however, the 
absolute values at any Mach number and alt i tude aze quite different.  Since engine B 

is {fig. 4 a) )  are higher  than  those of engine A (fig. 3(a)).  For the same reason, the 
i n l e t  total temperatures of engine B (fig. 4(b))  me  higher  than those of engine A 
(fig. 3(b) ) at any specific  operating  polnt. The combustor reference velocities af 
engine B (fig. 4(c)), however, are less than those of engine A (fig.  3(c)),  primaxily 
because the  increase i n  pressure is greater  than the increase in t eqe ra tu re  at any 
particular  operating  condition. 

er-pressure-ratio engine -than A, the   in le t  total pressures of engine B 

The combustor parameters i n l e t  total pressure, hlet total temperature, and 
reference  velocity  for engine C over a range of f l igh t   a l t i tudes  asd Mach numbers 
are  sham in figure 5. The trends of the combustion parameters for engine C axe 
similar to those of engines A and B. S h c e  engine C has the highest compressor 
total-pressure  ratio,  both  the  combustor-inlet total pressure (fig. 5(a)) and total 
temperature (fig.  5(b)) at m y  operating  point are higher than  the same parameters 
for either engine A or B. The combustor reference  velocity f o r  engine C is lower 
than that of either A or B at any flight speed and altitude operating  condition. 

W i t h  the assumptions that the rrm&mm combustor-outlet total teemperature and 
combustor air loading  (lb of air/(  sec) (sq f t  of combustor reference  area)) do not 
vary  greatly, that the Reynolds number effect  i s  neglected, and that the engine is  
operated a t  a constant  mchanical speed, the following generalizations are made: 

(1) Combustor-inlet total  pressure and total tenpqature and combustor reference 
velocity  increase  with  flight Mach nuniber a t  any altitude. 

(2) Combustor-inlet total pressure  decreases w i t h  increasing  dtitude, whereas 
inlet total temperature and velocity decrease with increasing altitude to the trow- 
pause and tlien remain constant in the stratosphere at a given f l i g h t  Mach number. 

(3) The absolute v a l u e s  of combustor-inlet total pressure and total t eqe ra tu re  
increase as the compressor total-pressure  ratio  increases a t  ssy f l i g h t  Bpeed and 
altitude. 

(4) The absolute  vdues of conibustor reference velocity  decrease as the com- 
pressor  total-pressure.ratio is increased s t  any flight speed and d t i t u d e .  

Part t h r o t t l e .  - In general,  part-throttle  operation of a turbojet engine is 
deairable in order that the wine may operate w t t h  either mlnlmum specific fuel 
consumption o r  maximum thrust. In E turbo j e t  eogine having a f ixed-Etres exhaust 
nozzle, part-throttle  operation is controlled by varying  the  fuel flow and thus the 
engFne speed. A t  a given f l i g h t  Mach nwber, only one OperatFng point is possible 
for a given engine speed. 

Operation a t  this point m y  not reault  in the minimum specif ic   fuel  consumption 
that might be obtalned if turbine-inlet total temperature  could be varied.  For an 
w e  having a variable-mea exhaust nozzle,  operation is  theoretically  possible a t  
an infinite Ilumber of points far a given  engine Bpeed and f l i g h t  Mach m e r ,  by 
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variation in t u r b i n e - w e t   t o t a l  temperature s3ld ab0 In exhaust-nozzle  area. Opera- 
t ion a t  various  engine speeds at- a given f l igh t  MBch numbeFand alt i tude  thus  results 
in a family of curves for  specific fuel consumption tbat are  functions of e&ne 
thrust and turbine-inlet temgerature. . Each .of. these  curves has a point of minimum 
specific fuel consumption. In general, it IS u s u d  tb -&ins%ruc% a curve tangent to 
this f d l y  of curves. The tangent curve represents a controlled operational curve, b 

which w i l l  result in mlnimum specific-fuel consumption for a given  engine t h r u s t  at 
any  engine  mechanical speed. 

- - 

- 

The part-thrott le data included in this discussion are  calculated  for  engines 
having variable-area exhaust nozzles. The cbta are  presented  for engine mechanical 
speeds that are 70, 80, and 90 percent of rated mechanical speed and for .operation 
at f l i g h t  Mach numbers from 0.6 t o  1.0 i n  the  stratosphere. lot much value should 
be assigned to operation at 70 percent nf rated engine 8peed. In all the engines, 
the most efficient  operation a t  this speed occurred near the campressor-surge region, 
and it 5s doubtful w h e t h e r  operation would be desirable or  possible far lang per- 
of tine under such conditions. In  addltian? engine th rus t s  were 80 low that the net 
effect would probably_ be l i t t l e  more than that of wine idling. -Data for operation 
at 100 percent of rated .speed included on some of the figures  are. for opertttlon at 
the  Umiting  turbin&-inlet total temperature of 20600 R. Operation is  possible at  
100 percent of rated speed and loyer turbine-Inlet temperatures by vary- exhaust- 
rmzzle mea. However, such operation- u s e  results Fh-kiwer e m  thrusts. The 
data aze presented i n  terms of combustor-inlet total pressures and temperatures, 
conibustor-outlet total teqeratures,  and combustor reference  velocities. 

. -  

Combustor-inlet total preseures for  p q t - t h r o t t l e  operation of engines A, B, and 
C are presented in figure 6. For each engine, inlet total pressures  increased w i t h  
increasing f l i g h t  Mach number and decreased w i t h  increasing fLight  altitudes and 
decreasing  percentages of rated engine speed. Am; the three engines  considered, at 
any f l i g h t  Mach number, f l igh t  altitude, and percent of  rated engine speed, inlet 
total  pressures  varied in  the order of the compressor total-preseure  ratios. 

" 

Conibustor-inlet total temperatures are presentea In figure 7 ( a ) .  A t  a l l  alti- 
tudes above the tropopause, cambustor-inlet; total temperatures are a function o w  
ae f l igh t  Mach number and compressor operating  characteristics. Ichus, data of fLg- ' 

ure 7(a)  apply at a l l  altitudes above the tropopause. Combustor-Inkt tatal tenrpi2.r- 
atures increase with increasbg f l lgh t  Mach nuniber and increasing percentages of 
rated engine speed; combustor-inlet total temperatures vary i n  the same order as bo 
the rated compressor total-pressure  ratios. 

- .. 

Combustor-outlet total temperatures or  turbine-inlet total temperatures  required 
for  operation a t  three p a t - t h r o t t l e  condltiona sre presented in figure 7(b).  Part- 
thrott le  turbine-inlet  t o t a l  temperatures m r e  than sny other combuator parme-.. 
are a function of the  particular englne undez consideration and its particular com- 
pressor, combustor, and turbine  operating  characteristics. For this reason, the 
turbine-inlet   total  temperatures of figure 7(b) &bit no definite  trends due t o  
fUght-Mach number cr c a q r e s s o r  total-pressure  ratio. However, far a particular rn 
engine, turbine-inlet tntal temperatures do. incream with increasing percentages of 
rated engFne speed. . . 

Combustor reference  velocities  for  engines A, E, and C during stratospheric 
part-throttle  operation are presented in figure  7(c).  part-throttle  operation as d 
in  full-tbrot-tAe  operation,'referegce velocities increase vith Increasing f l igh t  Mach 
number, and a t  a given f l igh t  Mach number, dem-ease-ith ihcreai~€ng co-qreseor pres: " .- " 

sure  ratio. For .all e n g i n e s ,  the  reference  velPcities at 100 percent  rated speed 
were less than or equal to the velocities 8% 80 o r  90 percent of rated engine epeed. 
This effect i s  due ta operation at 300 percent  rated speed a t  the  llmlting  turbine- 
inkt total temperature, which is nat the point o f  mini& specific fuel consumption I 

but  i s  the maxlmm-thrust condition.  Operation a t  the point of minimum specific  fuel 

I 

. .  
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consumption corresponding t o  100 percent rated engine  speed a t  any f-t Mach mum- 
ber would resul t  Fn a lower teqe ra tu re   r a t io  between the turbine inlet and  compres- 
sor  inlet  than would be required at the maxlmum-thrust condition. The l m  temper- 
ature ra t io  would result in a reduced compressm preseure  ratio  with accompanying 
decreased  combustor-inlet total pressures and temperatures. Since the aFr flow re- 
mains practically  constant and the change in pressure  across  the compressor is 
greater than  the change in temperature, the co&ustor reference velocity would 
increase. 

Windmilling. - !be w i n d m i u l n g  characteristics of turbojet engines axe important 
k?2 
u) combustors at any flight  condition depends on the corribustor parameters of inlet t o t a l  co in the study of turbojet  primry combqtars because the  fgnlt ion  or  relighting of 

pressure and temperature . a n d  reference  velocity (ref. 2). Few data exist to  establish 
couibustor o p e r a t a  conditions  during  engine windmilling. A simple method of deter- 
mination is to assume that the  combustor-inlet total pressure is  equal to the ambient 
pressure a t  alt i tude  plus any isentropic ram-pressure rise and minue any engine-inlet- 
diffuser total-pressure  iosses..  dbmbustor-inlet total temperatures are assumed e q d  
to anibient temperature at altitude plus any isentropFc ram-temperature rise. A bet- 
ter method for determinfng engine xindmilling characteristics is reported in refer- 
ence 3. Corrected xindmilling engine speeds, equivalent air flows through the en- 
gines, and corrected  total-pressure losses f’ rom the compressor inlet to  the turbfne 
exit were each  generalized for a series of several  engines into single curves that 
were functions. of flight Mach nuniber. The total-pressure loss through the engine 
was equal to the sum of the total-pressure changes through the compressor, mubustor, 
and turbine. Thus, although  the  total-preseure Losses for  severa l  different engines 
generalized into a single curve as a function of flight Mach number, the component 
pressure &ages for individual  engines were qui- different. The windmilling total-  
pressure  losses for the couibustors and turblnes of the various englnes increased  Kith 
increasing flight Mach number. Total-pressure  losses  through the compressor increased 
to a maximum w i t h  f l fgh t  Mach number and then decreased, until at a given flight 
speed, the windmilling pressure change .through the campressor became positive. That 
is, the  pressure began t o  rise through the compressor. This rise is eqlained by the 
fac t  that the engine ufndmilling speed increases with increasing  flight Mach nuniber, 
and the  turbine  operates  closer  to i t s  design speed. Eventually, a t  a particule;r 
engine w i n d m i l l i n g  speed, the  turbine work becomes greater than necessary to offset  
cotupressor losses, with a resultant rise in  total pressure through the compressor. 
For the  particular engines discussed in  reference 3, enough data are presented to 
calculate  combustor-inlet total gressures. 

I 

c * . 

No data are reported in reference 3 on temperature variation durFng xhdmilling. 
However, reference 4 includes some data for variation of pressures, tenperatures, and 
velocities in  a w i d m i l l i n g  4.7-pressure-ratio engine at simulated Mach nunibera of 
0.25 t o  0.85 and at alt i tudes of 20,000 to 40,000 feet .  The total-temperature change 
across the canpressor at law f-t Mach numbere was praotically zero, & in sme 
cams, a slight total-temperature  decrease was sharn. 

For engines A, B, asd C, the  corrected  windmilling air flow, the total-pressure 
drop across the engine, and the  corrected dndmilling engine speed w e r e  determined 
from reference 3. Windmilling total-pressure losses through the eouibustors and tur- 
bines of engines A, B, and C Were calculated by deterainlng the total-pressure  losses 
a t  sea-level  rated  conditions and assuming that  the windmilllng total-pressure  losses 
varied in the 13- m ~ n l ) ~ ‘ ~  with f l i g h t  speed as the  pressure  losses of the engine com- 
ponents of reference 3. However, it was necessary to correct the turbine total- 
pressure  losses  .became of differences in turbine-blade  lengths and t ip   diamters ,  
i n  windmflling speeds, and i n  the rimer of stages with  quantities similar to those 
of the engines of reference 3. These corrections were made as shown in reference 5. 
mom these data, the compressor total-pressure changes during windmilling of engines 
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A, B, and C were calculated at various  flight speeds. Combustar-inlet total pressurea 
were then  determine&-by  correctin@; the ambient pressure a t  altitude f o r  the effects 
of f l igh t  Mach number  and englne-inlet dFff user and far the  total-pressure change 
through the compressor. 

Combustor-inlet t o t a l  temperatures  during irinamilLFng of enginee A, B, and C 
were calculated  by aseumlng that the inlet total tiemperatures varied in  the ~ a m e  
m e r  with altitude and f l igh t  Mach number at  a l l  VFndmiLLIng speeds at which a 
compressor total-pressure drop existed as did the conibusbr-inlet  total temperatures 
of reference B. A t  all f l igh t  Mach numbers at which a wfndmilling total-pressure 
r i se  occurred in the compressor, the couibustor-inlet total temperature was calculated 
from the  isentropic  pressure-temperature  relation.  Tmse  values of inlet- total t e m -  
perature thus represent minimum values. 

W i n d m l l l h g  combustor parameters of engine A are presented in figure 8. 
Combustor-inlet total pressures  increase  with  increasing  flight Mach nmiber and de- 
crease with increasing  altitude. Combustor-inlet total. temperatures and reference 
velocities  increase  with  flight Mach number and decrease  with F n c r e a s h g  alt i tude rg! 
to   the  tropopause, above w h i c h  the temperatures and veeLocities re& constant at a 
given f l l g h t  Mach nuniber. W i n d m i l l i n g  combustor reference  velocities becone quite 
large at high flight Mach numbers. lIIhis effect  reflects the relatively  lsrge wind- 
milling air flows and smal l  compressor pressure changes. 

Combustor operationalgarametere for engines B and C are  presented in figurea 
9 and 10. These figures show the same effect of f l igh t  speed and-altitude on the com- 
bustor  parameters as does figure 8. A comparison of conibustor operational parameters 
of engines A, B, and C at a given flight Mach  nuniber and alt i tude shaws, i n  general, 
that  highest and lowest  combustor-inlet total  pressures and temperatures were found 
wi%- engines C and B, respectively,  while  reference  velocities m e  highest and lowest 
with  englnes A and B, respective*. These effects are essentially due t o  the wind- 
milling pressure-change characterlstlca of the coqressor and the  retioe of combuetor 
reference and compressor frontal  areas of the individual e-8. 

Afterburner 

Ae stated  previously, the afterburner on a turbojet engine ordinarily operatee 
only during  full-throttle engine  operation. The d a t a  on afterburners  discussed 
herein were calculated  for the same ful l - throt t le  flight conditione as thoee for the 
previously  discussed  grimry conibustore. !I!he afterburner  operating  conditione that 
are  primarily of  interest are the afterburner-inlet total preseure,  temperature, and 
velocity. The a f t e r b m - i n l e t  total pressurea were calculated by assuming that a 
5-percent  total-pressure loss occurred i n  the afterburner-inlet dlffuser between the 
turbine exit and the  afterburner flameholder. Afterburner-Wet total temperatures 
were equal to  turbine-outlet total temperatures. The afterbmer velocities were 
calculated from the gas f l o w  through the afterburner,  the  gas  density, and the maxi- 
mum cmss-sectional area of the  afterburner housing a t  the plane of the flameholdera. 

Afterburner-inlet total pressurea,  temperatures, and velocities for engine A . 
are presented, i n   f i gu re  11. The general ehape .of the 8fterburner-Fnlet total- 
pressure  curves is much the - as that of the p r imry-combus to r - i t  total pres- 
sures.  afterburner-inlet total pressures  increase  with  Fncreasing  flight number 
and decreasing al t i tudes.  Afterburner-inlet total temperatures increase  with in- 
creasing  altitudes up to the tropopause, above wklchthe inlet total temperatures 
remain constant-.- Afterburner-inlet total temperatures in general  decrease  with in- 
creasing Mach nurnber. Afterburner  velocities fn general  decrease xith FncressFng 
al t i tude up to the tropopause, above  which the  velocitiee remain constant for a given 
flight speed. A t  high f l i g h t  Mach numbers, however, the effect of operating .char- 
acter is t ics  of the compressor, conibustor,  and turbine become apparent in the varia- 
t ion of 8fterburner-Inlet total temperature and velocity. 
" 

v 

- 
f . 
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G M L a ; r  d a t a  for  engines 9 and C are presented Fn figure6 I2 a d  W. Ln a com- 
parison mng the  three engines,'  highest and lowest  afterburner-inlet total pressures 
at E given flight  condition w e r e  obtained  with  engines B and A, respectively. !RE 
difference in the efYects of compressor total-pressure  ratio on the primary conibustor 
and afterburner of the three en@;ines at any flight speed, altitude, and turbine-inlet 
temperature is q u i t e  -ked. A n  increase in rated compressor total-pressure r a t i o  
resul ts  i n  more favorable operating conditions  (higher  pressures and t eqe r s tu re s  
and lower reference  velocities) f o r  the primary combustor. In the afterburners, the 
increase in compressor total-pressure ratio8 resul ts  in an increase i n  afterburner- 
inlet pressure up to some meximum value. Further increase in compressor tqtal- 

w '  
0, pressure  ratio  results In a decrease in afterburner-inlet  pressure. This comparison 
(D of the afterburner-inlet total pressures demnstrates the dependency of the (D 

afterburner-inlet  conditions on the component operating  chazacteristice of the 
i d i v i d u a l  engines. ' 

N 
I -  

-3 
3 

A t  a given f l i g h t  condition,  highest afterburner-inlet W t a l  temperatures OCCUT 
in  engine A and lowest temperatures in engine C. This  trend  agrees  with  the in- 
creased amounts of power required t o  aerate canpressors with LncreasFng caupreesor 
total-pressure  ratios. No signlficant  trend is appa;rent in E comparison of the  after-  
burner  velocities i n  the  three snglnes. This fac t  is attributed to the eomponent 
operating  chaxacteriatics an& afterburner areas of the individual engines. 

APPLICA!I'IONS TO OTHW EXGINZS 

The foregoing material applies  specifically to engines A, B, and C. Emever, 
i n  many cases, it may be necessary to extrapolate or interpolate the data f o r  au 
engine differing somewbat in compressor and cordbuator configurations. sb addition, 
other engines may dif'fer fn lnaximum turbine-inlet total merature or may have vaz- 
ious materials injected into the compressor o r  the conibustor. 

Improvements in conpressor design m y  permit a compresmr of the aame f ron ta l  
area, pressure  ratio, and efficiency as those specified in table I to handle greater 
weight flows of air. For the same combustor geometry, me  increase in afr flaw would  
increase the reference  velocity throrigh the  primary combuetor by the r a t i o  of the 
air weight flows. For other combustor geoEtr ies  and rated air flaws, the reference 
velocity may be expressed by 

\ Ac,r IA,B,C 
where 

(Vc,r,sZsjX reference  velocity  through combustor of engine X a t  rated sea-level 

(VcJr,s~s)~,B,C  reference velocity through combustors of engine A, g, or C at rated 

- 

static  conditions 

sea-level  static  conditions 

rated sea-level  static weight-flow rate of air per unit  canbustor 
reference mea of engine X 

rated  sea-level  static weight-flow rate  of air per unit canbustor 
reference area of engine A, B, or C 
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New and Improved turbine  materials,  cooled turbines, or combinations of new 
materials and coollng . w i l l  permit higher allowable turbine-inht total temperatures . 
than the  values  specflied in t h i s  chapter.  Operation a t  higher  turbine-inlet total 
temperatures a t  the same e- speed would resul t  i n  approximately the same weight 
flows.of air bu t  higher compressor total-pressure  ratios. Higher pressure  ratios 
would benefit  the primary coaibustor. 5 t  is, the effect  of the higher t u rb ine -we t  
t o t a l  temperature at the same engine speed would be 89 increase in couibue~r-inlet 
total prelssure and a decrease in conibustor reference  velocity. 

L .. 

The addltion of water, water and alcohol, hydrogen peroxide, or  other Liquids 
into  the primary conibustor of an engine effectively  increases  the weight flow through t %  
the cornbustor  and at the sarae time decreases the turbine-inlet   total  temperature. 3 
The subsequent pldition of mre   fue l  t o  restore  the turbine-inlet temperature intro- 
duces additional UK#B - into  the combustor. Since choked turbine  nozzles are spec-if led, 
the compressor total-pressure  ratio must be increased  to  force  the  total weight flow 
through the turbine ndzzles, Thus, the  effect of a&ditives is beneficial to the 
primary conibustar. 'That i s ,  the net  result  i s  increased  combustor-inlet tots1 pres- 
sures and probably  reduced  reference  velocities. 

In general,,  the  results of t h i s  chapter may be used to approxirnste closely  the 
combustor o p e r a t a  canditions i n  engines whose combustor alr loaalnge and turbine- 
in le t  total temperatures are similar to those  presented. The approximation becomes 
less a c c m t e  with chEangea In maximum turbine-inlet   total  temperatures, liquid  injec- 
tion into the conibustor, compressor air bleed,  appreciable Reynolds nurtiber effecte, 
and high inlet-diffuser losses. 

Lewis Flight  Propulsion  Laboratory 
National Advisory C o d t t e e  for Aeronautics 

Cleveland, Ohio,  November 28, 1955 
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(a) Without afterburner. 

Figure 2. - Pressure, temperature, and velocity trends i n  turbo jet engine. 
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(b) I n l e t  t o t a l  telagcrature. 

Sliat Mach m&er 

(c)  Reference velocity. 

F i g m e  4. - Concluded. Variation of &uator p a r e t e r s  with f l lgh t  operating condltlons for full- 
thrott le operation of engine E. 



(a) Inlet  total pressure. 

( b )  Inlet t o w  temperature. - Figure 5 .  - Variation of combustor  parameters with flight ogeratJng oondltlcns for full- 
throttle operation of engine C. - 
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(c) Reference velocity. 

Figure 5. - Concluded. Variation of combustor paraueters with flight aperating conditions for 
f u l l - ~ o t t l e  operation of engine C. 
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( a )   I n l e t   t o t a l  pressure. 

Figure 8.- - Variation of combustor parameters wlth flight operat-  
ing conditions for windmilling operation of engbe A.  
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(b) Inlet total temperature. 

Figure 8 .  - Continued. Variation of combustor parameters w i t h  
flight operating conditions f o r  windmilling operation of 
engine A. 
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(c) Reference velocity. 

Figure 8. :..- Cohcliided. Variation of combustor parcumters ath 
flight operating condi t ions  for  windmilling operation of 
engine A. . 
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Figure 9 .  - Variation of combustor penmeters w i t h  fUght operat- 
ing  conditions f o r  windmilling operation of engine B. 
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(b) Inlet t o t d  temperature. 

Figure 9. - Continued. . Variation of combustor parametere with 
flight operating c o d i t i o n s  f o r  windmilling operation of 
engine B. 
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(b) Inlet t o t a l  temperature. 

Figure BY. - Continued. Veriation of c o m b u s t o r  parameters with 
operating  conditions for windmilling operation of engine C. 

35 



36 

0 .2 .4 -6  .% 1.0 
Flight Mach number 

( c) Reference velocity. 

Figure 10. - Concluded. Variation of coudustor parameters  with 
operating conditions for winamilllng operation of engine C. 
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(b) Total temperature. 

Figure 11. - V a r i a t i o n  of afterburper-inlet parameters with flf&kt operating  conditions for full- 
th ro t t le  operation of englne A. 
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(c)  Velocity. 

: Figure U. - Concluded. Variation of afterburner-inlet  parameters  with  flight  operating condi- 
tions for  full-thrott le  operation of engine A. 
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9mmoJEC-mm ExcmTmG AND AC-OI 

By David M. Straight and Richard J. McCeSferty 

FYom considerations of safety and r e l i a b i l i t y   i n  performance of gas-turbine air- 
” crest, it i s  clear that e e n e  s tar t ing and acceleration are of utmost importance. 

For this reason exbeneive effor ts  have been devoted to the  investigation of the fac- 
tors  involved i n  the ster t iug and acceleration of engines. 

I n  chapter III it is shown that certaln basic combustion requirements m u s t  be 
met before ignit ion caa occur; consequently, the design and operation of an engine 
must be t d l o r e d   t o  provide these basic requirements i n  the combustion zone of the 
engine, particularly i n  the v i c i n i t y  of the ignition source. It is pointed out i n  
chapter III that ignition by e lec t r icaL  d i scbges  i s  aided by high pressure, high 
temperature, l o w  gas velocity and turbulence, gaseous fuel-&r mfxbure, proper rrdx- 
ture strength, and an optimum spark aUration. The simultaneous achievement of a l l  

% these requirements i n  an acta turbo3et-engine combustor i s  obviously i n r p O E S i b k ,  

P 
(D 

B u 

cd yet  any attempt to satisfy aa many requirements as posedble MU. result i n  lower 

I factors  together with size and cost considerations determine the acceptability of 
ignition  energies, lower-weight ignit ion systems, and greater r e l i a b i l i t y .  These 

the final ignit ion system. 

It i s  furbher &own i n  chapter III that tSpe problem of wall quenching affects  
enam starting. For example, the diIDZnSiOnS of the volume t o  be burned must be 

air ra t io  encountered. This fact affects  the design of cross-fire  tubes between 
adjacent combustion  chambere in  a tubular-conibustor turbojet engine. Only two 
chanibers in  these engines contain spark plugs> therefore,  the flame must propa- 
gate through small connecting  tubes between the chambers. The quenching studies 
indicate  that if the  cross-fire tubea are too narrow the flame w i l l  not propaga,te 
from one chaniber t o  another. 

. larger  than  the quenching distance at the larest pressure and the most adverse fuel- . 

I n  order t u  better understand the  role of the basic  factors i n  actual eng€ne 
operation, many Fwesti@;ations hgve been conducted i n  single ccmbustors from gas- 
turbine  englnes and i n  full-scale engines i n  altitude tanks and i n  flight. The pur- 
pose of the present  chapter i s  ta  discuas the results of such studies and, where 
possible, to   interpret  these resul ts   qual i ta t ively  in  terms of the basic requirements 
reporbed i n  chapter- III. T h  dfSCUSiOU -1s the three phases of turbjet en- , 

@ne starting: 

(1) Ignition of the fuel-air ndxbure 

(2) Propagation of flame throughout the  cmbustion zone 

(3) Acceleration of the engine t o  operating speed 
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( 2 )  ~purning on an ignit ion source 

(3) Spraying Fuel i n t o  the combustor 

After the engine i s  started, the rotating speed of the compressar and turbine is  in- 
creased f r o m  cranklug  or  windndlling speed t o  an idle speed by increasing the fuel 
flow. Following this init ial  accelerat ion,   accelerat ion  to   Mgkr engine speeds is 
necesstuy t o  provide thrust for  take-off and altitude flight  conditions. 

The most diff icul t   s tar t ing  condi t ions arft those  encountered on the ground at 
Lar ambient temperatures and those found at high alt i tude.  The need f o r  eaey s t a r t -  
ing on the ground at all temperatures i s  obvious. Star t s  at al t i tude are also re- 
quired after flame-outs, or  occasionally,   in the operation of miltiengine aircraft, 
w h e r e  all engines are not operated at all times. The fo l lov lng   ec t ione  r e v i e w  the 
various factors  involved i n  the star t ing  d turbjet enginee. 

Engine Operating Variables 

Both f l i g h t  and tunnel tests on full-scale engines have Shawn that the ease of 
s ta r t ing  i s  controlled by al t i tude , f l i g h t  speed, and engine speed. These e-ne 
operating miables  can be reb ted  t o  combustor-inlet t e m p e r a t u r e s . ,  greasuree, and 
velocities3  such  relations are given i n  chapter X. This relation  permits the study 
of i g n i t i o n   i n  single turbojet combustare operated i n  connected-duct facillties where  
these inlet   var iables  plus f u e l   f l o w  and temperatures can be controlled  to simulate 
engine operating  conditions.  Succesaful  ignition is defined 88 continued  burning 
af te r   the   ign i t ion  source has been shut off. A maximum tim3 of 30 secands i s  often 
the limit  allowed for--ignition  attempts.  Typical  appmtus and procedure for eingle- 
combustor ignlt ion  studies are described in references 1 t o  3. 

Full-scale engine a l t i tude  tests are conducted i n  Large a l t i t u d e  chambers o r  
wind tunnels and by flight tests. In   a l t i tude  test  fac-illties, fl ight  operating con- 
dit ions are simulated by controlling  engine inlet and outlet  pressures, and f u e l  and 
air inlet  temperatures.  Instrumentation is provided to   ind ica te  engine inlet and 
outlst   pressures  (sinplating  alt i tude and f l i g h t  Mach number) , engine speed, air 
flaw, fuel flow, and pressures and temperatures at various  stations  in  the e&ne 
including  combustor-inlet  conditions. The ignition procedure cons is t s   in   se t t ing  
the altitude  ana  flight-speed pressure and temperature conditions and allowing the 
engine windmilling speed to   s tab i l ize .  The igni tor  i s  then  turned on and the fuel 
t h r o t t l e  opened slowly unt i l   ign i t ion  is obtained. If ignition does not  occur, the 
thro t t le  i s  manipulated t o  vary f u e l  flow over a wide range i n  further attempts t o  
obtain  ignition-. A lnaximum time limit (mually 20 t o  45 6ec) i s  allowed for  igni- 
tion. Another method of feeding fuel is t o  allow only a fixed flow r a t e   t o  &st 
upon opening the thro t t le .  The value of this flow rate is &ed far  different ig- 
nition  attempts  for these automatic starts. 

Operational  and des- requirements of full-scale  turbojet  engLnes necessarily 
influence tbs selection of parmusters for  presenting single-combustor ignit ion 
limits. Full-scale  engines muet be star ted without  exceeding the &mum allowable 
turbine temperature; thus, minimum fuel flow for   ign i t ion  i s  a ueeful parameter for 
indicating  ignition  Umits. It is desirable to design  engine accessory systems with 
minimum weight, size,  a d  cost. Hence, the ignition-energy supply  system should be 
l igh t  weight, which, i n  turn, means use. of low ignition  energies.  Therefore, mini- 
mum igni t ion energy is also used as a parameter for indicating th  al t i tude and 
flight-speed. ignt t ion limits of these engines. In addition,  the minimum combustor- 
inlet   pressure  for   igni t ion is a useful parameter for  establishing the al t i tude ig- 
ni t ion  limit of single combustors when the igni t fan energy i s  constant. 

. 
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Fuel and air temperature. - The effect  of sea-level  abient temperature on dni- 
mum start ing fuel f l o w  for  three engine speeds i s  presented i n  fiwre 14. A de- 
crease in ambient temperature or  an increase i n  engine speed rea"& in   large  in-  
creases in   t he  udnimum fue l  flow required for starting. The effect of engine speed 
on star t ing fuel requirements is primarily an effect of combustor-inlet velocity; 
at 600 F, for  example, increasing engine  speed from 1600 t o  4000 r p m  increased 
combustor-inlet  absolute  pressure and temperature only 10 t o  x) percent  but  dncreased 
inlet ve loc i t ies   abut  150 percent.  Inspection of figure 1 4  shows that decreases 
i n  ambient temperature increase the star t ing fuel-flow  requiremnts at all engine 
speeds (or cambustor-inlet  velocities)  but that the effect i s  wst marked at the 
higher-speed or  higher-velocity  condition. 

The effect of temperature on s tar t ing fuel flows  can best be explained i n  terms 
of fuel   volat i l i ty .  As the temperature is  lowered, the  evolution of vapor from fuel 
spray  droplets i s  retarded; therefore, more liquid fue l  i s  required t o  produce a 
flammable mixture of vapor i n  the immediate v i c i n i t y  of the spark  plug. This ex- 
planation is substantiated by "tory studies discussed i n  chapter I. Further 
discussion of volat i l i ty   effects  i s  contdned i n  a later section of the present chap- 
ter. Properties of the  fuels used fo r  the iwestigations  reported  in this chapter 
are presented i n  table IT. 

Whether the  ignition limits are defined i n  t e r n  of minimum spark energy or  mini- 
mum required fuel flow, the  explanation based on tbe volatility  consideration still  
applies. For exangle, figure 15 indicates that more spark energy is necessary for  
ignit ion at l o w  temperatures. ( T h e  spark energies  presented i n  this chapter are the 
stored energy in condenser-discharge-type iguition systems Gxcept  where otherwise 
noted.) The minimum spark energy increased by a factor of approximately 3 as tem- 
perature w a s  decreased from 8OU t o  -40° P. Figure 15 further  indicates that, for  a 
given temperature, the less volati le  fuels (high  E-percent-evaporated  temperature) 
require  greater spark energy for  ignition. 

The effects of temperature on s tar t ing of full-scale engines are qualitatively 
the same as those  obtained i n  single-cambuetor studies. As ei ther  fuel or tem- 
perature was decreased (f ig .  16), the a l t i t ude -   i p i t i oq  l i m i t  decreased. A de- 
crease i n   f u e l  temperature from 300 to -20 F changed the altitude ignition lfmit 
generally Less than 5OOO feet; but when the fue l  temperature was reduced to -3@ F, 
a very  abrupt Larering af the  altitude UmLt occurred  with engine inlet-afr  tempera- 
ture lower than OO F. 

.fuel 
t ion 

Pressure and velocity. - Fundamental studies of the ignition of premixed vapor 
and air i n  a f lar ing system {ch. I I I )  Show that mLuimum spark energy fo r  igni- 
increases at low pressures and high velocftiee. The minimum fuel flow required 

for  start ing  varies with  the rate of evaporation of the fuel spray. Tests described 
i n  chapter I showed that the  evaporation rate is greater at lar pressures and high 
velocities aa w e l l  as at high telqperatures. The effects of pressure on ignition Ln 
E single combustor are illmtrated i n  figure 17, where the  variation of minimum 
s tar t ing  fuel  f l o w  with  altitude  indicates that the  effect  of alt i tude is sigdfl- 
cant at high engine speed. A t  low-speed conditions, the effect is not serious at 
alt i tudes below 20,oOO feet .  As alt i tude i s  increase3 at constant speed the 
combustor-inlet temperature and pressure decrease substantially; therafore, the ef- 
fec t  shown i s  actually the combined effect  of temperature and pressure. Velocity 
i n  this case 9 nearly  constant. 

The results Shown in   f igure 17  may also be explained in terms of vola t i l i ty  
i n  that greater  quantities of l iquid fuel are required at high al t i tude  to  produce 
the fuel-air vapor udxture  necessexy at the spark plug. This requirement is also 
appesent f r o m  the flsllrmability s tudies   i l lustrated  in   f igure III-l5 of chapter III. 
I n  that figure it  may be seen that as the pressure i s  decreased, richer fuel-dr 
mixtures are required t o  establish a flammable condition. 
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In  order  to  evaluate the energlea required for ignition at yarioue pressures, 
single-combustor studies with several fueh have been msde (ref. 2). These studies 
are illustrated i n  figure Is where t h e  effects  ef pressure on minimum ignition 
energy for several air flows are shown. For the condit$ons covered by these tests, 
the spark e n e r a  required varied between 0.02 and 12 joules. These energies are 
greater by a factor  of 100 or m o r e ,  than the energies required t o  ignite flarlng, 
premixed  gaseous f u e l  and air (ch. 111). 

c 

f ,  
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A cross  plot  of the data of f igure LB if.-presented in  figure 19 t o  show the 
minimum p r e ~ ~ ~ r e  igni t ion =mite far various conetant  ignition energies [an e a n e  
igni t ion system usually provides constant energy) over a WL& range of air-flow rates. 
The minimum mssure burning limits f o r  this combuetor (ref.  2) 8se included far c m -  
parison. Ignit ion is possible new the burning limits xith a spark energy at 10 
joules at the lower air-f low rates. 

.. 

L 

Each curve of figure 18 was obtained a t  constant  air  flow; thus, ae pressure 
m a  decreased,  reference  velocity  increased. ( T h e  term reference  velocity  indicates 
the mean air velocity at the maxim cross-sectional mea of the combuetor, and i s  
computed from the maximum cross-sectional area, the air f l o w ,  and the  combustor-inlet 
density.) AII empirical  relation i s  &velapea i n  reference 4 t o  determine the sepa- 
rate effects  of pressure and velocity on the ignition-energy re-ients. IIZlis re- 
la t ion  v/q/F (where V i s  the reference-  *locity i n  ft/sec, a d  P i s  the 
combustor-inlet t o t a l  preisure i n   i n .  Hg abs) c o r r e h k d  the dah of figure ls ea 
sham i n  figure 20. Although considerable  scatter of the data exists,  t h i s  param- 
e t e r  best cor reh ted  f& data obtained  with most fuels (ref. 4 ) .  The parameter 
v/,,/T indicates that reference  velocity has a greater  effect  on m ~ n ~ m u m  energy than 
does combustor-inlet pressure. 

The results found i n  single-combustor studies of the effec t  of preeeure  and 
velocity on igni t ion tire reflected by full-scale-englm s€udies (refs. 5 and 6). 
The effect of engine windmilllng speed, which varies llnearly with fJ lght  Mach  nUm- 
her, and al t i tude on the igni t ion fuel flow 'is-presented in figure 21. As f l igh t  
speed increases,  the fuel flow reguired for ignition  increases markedly. For exam- 
ple, at an  alt i tude of 45,000 feet,  an  increase In f l i g h t  Mach number from 0.3 t o  
0.75 reeulted i n  a four-fold  increase I n  i m t i o n   f u e l  flow. ignition fuel f l o w  
increased, i n  general, with  increase in   a l t i t ude ,  the increase  being greater at the 
higher flight speeb. A t  5O,.ooO feet, the engine could not be started at f l i g h t  
speeh higher than a W h  number of 0.53 because of limited r.wx5.m fuel flow. 

. 

A f ~ - E c a b  engine was ignited at higher al t i tudes by increasing the spark 
energy  suppuea t o  the ignitors (ref. 5). w c S l  reEmt6 are p e e n t e d   i n   f i g u r e  
22 for  the engine  windmilling a t  a f l i g h t  Mach number  of 0.6. The al t i tude igni- 
t ion l i m i t  increased rapidly from 35,000 feet at 0.25 joule  per spark t o  45,000 f e e t  
a t  0.5 Joule per spark. (These energies w e r e  measured a t   t h e  spark gap.) Approxi- 
mately 1.4 joules  per spark were necessary to   obtain  igni t ion  a t  an al t i tude of 50,000 
fee t .  Any further  increase  in  al t i tude  start ing seemed di f f icu l t  t o  realize,  for It 
was impossible to  obtain  ignit ion at 55,000 feet with  the  highest  available  spark 
energy  (about 3.7 joules) . I 

Similarr large increaees in   a l t i t ude   i gn i t i on  W t  were observed st other f l i g h t  
speeds. In f'igure 23 the   a l t i tude  igni t ion limits with a spark energy of 3.7 Joules 
per spark (measured at spark gap) are indicated for a range of f l i g h t  Mach numbers 
from 0.4 t o  1 .2 .  A t  a f l i g h t  Mach number of 0.8 with a low-energy ignit ion system 
(0.02 jou le /qa rk ) ,   t he   a l t i t ude   imt ion  limit was generally  leea . .  than 10,000 fee t  

Fuel  Variables 

Under normal or imposed conditions of temperature and pressure the   volat i l i ty  
of a f u e l  is not &ways eufficiently g rea t   t o  produce the desired mixtures of Vapor - . .  

. 
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fuel and air for   igni t ion and combustion. However, by producing k fine spray of liq- 
uid  droplets under a given  condition of temperature and pressure, the rate of evapora- 
t ion  i s  greatly  increased. 9 3 ~  basic considerations  involved in   a to Ipa t ion  and evap- 
oration  are  described i n  chapter I. It has been shown that the rate of evaporation 
of a fue l  spray varies  with drop size or degree of atomization. The vaporized fue l  
concentration  avdlable f a  ignition will thus vary with  atomization. 

This section  diecusses results of studies which attempt to evaluate  the  influence 
of atomization and fuel vola t i l i ty  ou the ignit ion.process  in  jet  engines. 

Spray characteristics. - The v8riation of atomization  with fue l  flow i n  a fixed- 
area fue l  nozzle spraying into quiescent air i s  shown in   f igure 24. It is apparent 
that 88 fuel. flow increases  the spray  ten- t o  spread into a more nearly  conical 
shap with greater dispersion of droplets. Iche draplets at the high f l o w  are smaller 
and thus the rate of evaporation i 6  improved. Data i n  figures 14 and 17 were de- . 
termined i n  the fuel-flow range represented by figure 24; however, direct  compari- 
son cannot be made since one system i s  quiescent and the other dynamic. 

An investigation reported i n  reference 7 indicated that combustor-inlet  pressure 
(14 t o  37 in .  Hg abs) had a negligible effect  on spray formstion, but increases i n  
air velocity (35 t o  80 ft/sec) improved atomization. It should be noted, however, 
that Insofar a8 ignit ion is concemd, the improved atomization due to  velocity  in- 
crease may be offaet by the decreased residsnce  time of tha fuel-8Lr mixture and the 
increased  turbulence i n   t h e   e c i n i t y  of the spark gap. 

Great improvements i n  engine start ing  characterlst ics can be obtained by changes 
i n  the fue l  atomizer (ref. 8). Thfs i 6  also shown i n  figure 25 where the m i n i m u m  
ignition  energies required for star t ing over a range of combustor-inlet pressures are 
shown for two fixed-area and one variable-- nozzle. Also listed on this figure 
are the stazting fiy31 flaws f a  each nozzle. It can be seen that  tbe Bmaller capac- 
i t y  fixed-area nozzle requires  both lower spark energies and lower fue l  flows for 
s tar t ing at all combustor-inlet  pressure!^ than does the larger-capacity  fixed-area 
nozzle. The variable-area nozzle has spark-energy  and fml-flow requirements that 
are much the same ae fhoae for the Bnraller-capadty fixed-area mzzle. The improve- 
menta' i n   i gn i t i on  characteristics of the -able-area  and smlkr-capacity  fixed- 
area nozzles may be a t t r ibu ted   to   f iner  atomization and tbe accmpnying increase i n  
t b  ra te  of evaporation of the fuel (ref. 9) . 11rop sizes and evaporation rates may 
be calculated Arm reb t iona  given i n  chapter I. Iche -able-area nozzle plas the 
added advantage of hsing capable of hauung much Mg&r fuel' rates, permitting en- 
gine operation over wide ranges of conditions without requiring excessive fuel pres- 
s u r e s  (ref. 0 ) .  

No complete systematic study of the effect of - 1 - e p y  c h a ; r e & ~ ~ L ~ t i c ~  on the 
alti tude  ignit ion limits of a full-scale turbojet engine has been reported. Engine 
data repol-ted in reference 5 fo r  a bw-vois t i l i ty   fuel  indicated that t b  engine 
could  not be started at sea level at a flight Mach number of 0.2. A similar engine 
could be ignited at 40, OOO fee t  at the 88me flight speed, as repmted i n  reference 
10. The difference i n  tke  ignition limits of theae two engines is probably due t o  
the difference i n  fuel-sm characteristics, since i n  the engine of reference 5 
duplex nozzles were used, whereas the e-ne of reference 10 was equipped with 
variable-area  nozzles. -lex and varriable-area  nozzles. differ i n  fuel drop size, 
cone angle, and penetration produced. Any one or all of these spra~r variables could 
produce the performance Ufferences observed i n  the engines. 

Sea-level s tar t ing tests were made ui th  a full-scale engine using three different 
sets of fuel nozzles hming different degrees of a;tomization (ref. ll). A much larger 
fuel flow (50 lb/hr) was reqared  for   igni t ion  with  large  40-~on-per-hOur (rated 
pressure of 100 lb/6q in.) nozzles ehaa for ignit ion KLth small  10.5-gallon-per-hour 
nozzles (20 lb/hr). In reference 8, engine starting data with rarriable-area nozzles 
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show that a constant  fuel f l o w  &an be set automatically  to obtain ignit ion and ac- 
celerate t& engine t o  idle speed atbut exceeding the safe-temperstw limitation 
during star t ing.  These data indicate that a large reduction i n  s tar t ing fuel flow 
can be achieved by providing finer atoudzation at starting  conditions. 

Volati l i ty.  - The preceding  dlscussione show %hat easier s tar t ing is obtatned 
by providing  vaporized  fuel i n  the vicini ty  of the igni t ion source. ELgher inlet 
f u e l  and air temperatures as well as Improved atomization help -de this vaportzed 
fuel. A mre dlrect method f o r  providing vaporized  fuel i s  by uae of fuels of Mgher 
vola t i l i ty .  . . . .  - .  - .... 

It i b  shown i n  chapter I that the rate of  evaporation of a fuel spray  increases 
wlth  increaae i n   f u e l   v o l a t i l i t y .  Hence, it would be exgected that lower starting 
f u e l  f l o w s  and Ignition energles would be required f o r  fuels of high vola t i l i ty .  On 
the  other hand, the v o k t i l k t y  of multicamponent fuel of the type  used  coaanercially 
i s  not easily  &fined;  consequently, the fuel properties most frequently used t o  &- 
fine volatility bave not produced  colqpletely satisfactory carrelatlone of engine 
star t ing data. For examgle, the order of the curves i n   f i g u r e  15 and the  scatter 
of points In  figure 26 Ludicate that  na?ther  Reid-vapor  pressure nor the A.S.T.M. 
~-pe rcen t - evapora t ion   min t s   aqua te ly  deS&%be fuel V o h t i U t y .  From fkse data 
it may then be assumed that either the voLatillty of fwla as it ef fec ts   s ta r t ing  
has not been properly defined o r  that other  properties of the fuels are producing 
significant  effects in the igni t ion process'. 

-1 
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Of the fueyproperties examined t o  date, the A.S.T.M. 15-percent-evapmtion 
point offers the greatest prmise  of correlation of e tar t ing data. However, i n  order 
to compensate f o r  vplrriatione i n  altitude operating  conditions,  the a d d i t i o a  pressure- 
velocity  parameter V / a  ( ref .  4) be introduced.  Figure 27 illustrates the 
relat ion between A.S.T.M. E-percent-evaporation point and regdied i m t i o n  energy 
for  several   values ~f v/O. These h t a  taken a t  altitude conations  indicate abaut 
a 2 : l  increase in ndnimum spark eneray at 8 law value of V / f i  and an 8:1 increase 
at the highest value of the parameter fo r  the 88me range of 15-percent-evaporation 
fuel temperature. Thu, the  effect  of fuel vola t i l i ty  on minimum spark energy i s  
greater at more severe operating  conditions. 

. 

Data t o  confirm the effect  of fuel v o l a t i l i t y  on Ignition at sea level we re- 
ported i n  reference 1. A &crease i n  fuel v o b t W t y  resulted i n  a l u g e  iacreaae.. 
i n  the f u e l  flow requlred for starting, the  increase  being  Larger at lar ambient tem- 
perature. The sass effect  occurred under altitude -corntiom  with  the  effect  being 
greater at Mgh altitudes where temgeratures and prea~ures are lower. Under altitude 
conditions  the data (ref.  1) indicate that the .increase i n  evapcxation ra te  due t o  
low preasure i s  apparently  offset by the low temperature. 

It i s  perhaps misleading to   a t t r ibu te   the   e f fec ts  of lar t e q e r a t u r e  s o l e l y  t o  
the influence of temperature on volat i l i ty ,   for   decreases   in  temperature exe also 
accompanied by increases i n   v i s c o d t y .  These increases   in   viscosi ty  may have d,etri- 
mental effects  on atomization  (ch. I) and thareby retard the rate of evaporation. 
A study of photogrqhs  greaented I n  reference 1 i U d i C a k 6  that the spray prothced by . 
the f u e l  nozzle varied with the different fuels y d  ae ell as wlth  the fm1 temper- 
atures. The e s c o s i t y  of the three fuels varied a a  much a~ did voZatiUty. 

The minimum f u e l 4 r   r a t i o s  reqrdred for i p i t i o n  in a small (Z-ln.-diam. liner) 
Laboratory combustor have been  determined f o r  several experimental fie& of veuylug 
v a h t i u t y  (ref. 12). Increased v o l a t i l i t y  permitted ignition at h e r  fuel-air 
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ra t ios;  however, the change in- fue l -a i r   ra t io   over  a range of combustor-inlet tern- 
-tures f r o m  -ao t o  400 B m s  h a s  than that reported i n  reference 1. The fuel 
nozzle chQsen for the  investigation of reference 1 2  resulted i n  nozzle  pressure drops 
Of the O r d e r  of 10 t o  25 pounds per square  inchj hence, effects of fuel   v iscosi ty  
would be hwer than those found i n  the investigation of reference 1. 

The results of single-combustor studies  discussed in *he preceding m p h s  
have been substantiated by limited tests i n  full-scale e e n e s .  Data presented i n  
figure 28 show that lower fue l  flows are required  for   s tar t ing  with  the more vola- 
tile f u e l  (Reid vapor pressure of 5.4 lb/sq  in.). Similar results were also obtained 
i n  full-scale engine studies reported i n  references 5, 10, and 13. Data are presented 
in figure 29. For  both  the  axial-type compressor ( f ig .  29(a) ) and the  centrFfuga1 
type  (fig.   29(c)),   gains in al t i tude  igni t ion  l imits  up t o  15,oOO feet were ob- 
tained when fuel v o l a t i l i t y  was increased from a low (0 to 1.0) to a high (5.4 t o  
6.2) value of Reid vapor pressure. 

Results of full-scale-engine tests reported i n  reference 14 also  substantiate 
quali tatively the results of the single-combustor studies on fue l   vo la t i l i t y .  %e 
amount of f u e l  evaporated  according to A.S.T.M. distFllation  curves at the conditions 
of the test predicted the al t i tude  igni t ion limits more accurately  than  did R e i d  
vapor pressure. - . 

Spark-Ignition Design Va-dables 

As previously stated, igni t ion at a spark gap i s  dded by high pressure, high 
temperature, low gas  velocity and tmbulence, gaseous fue l -a i r  mixture, pmper mix- 
ture strength, and an optimum spark duration. Some of these variables are fixed, by 
the part icular  engine, operating  conditions, and fueb involved. Others can be al- 
tered by design changes. 

Reliability of ign i t ion  can be i m v e d  by two different  methode. First, supply 
enough spark energy t o  ignite the fuel-air mixture in, spi te  of poor euvfmnmental 
conditions; second, design the igni t ion system, ignitor,  and couibustor to reduce t h e  
spark energy required. A size and weight limit (and thus a maximum energy l imit]  
exists, however, for practical   spark  ignit ion system. 

It is the purpose of this sect ion  to   discuss   resul ts  of studies In wbich the 
igni t ion system and the environment at the spark gap were changed. 

Ignition system design. - Induction-type  ignition systems were used i n  most early 
turbojet engines. I n  general, theee systema had hi& spark  repeti t ion rates but low 
energy per spark. The energy f o r  a typ ica l  early igni t ion B y s t e m  (ref. 5) was 0.02 
joule at 800 spa;rks per second. It was prevlously ahavn that increase i n   s w k  energy 
increased  the  dIi i tu&  ignit ion limits ( f ig .  22) I Condenser discharge ignition sya- 
tems have been developed which penult hiaer spark energy with lower equlpment weight 
(ref. 15)~ however, the spark repet i t ion rates are lawer. 

Several design variables i n  condenser discharge system affect the sparkenergy 
requirements of a canbustor. One of theae variables, spark-repetition rate, affects 
the ignition  pressure  l imit  of .a .single cotfbuator (ref. 16), 88 i l lus t ra ted   in  figure 
30. A t  a low air  flow (1.87 Ib/( sec) (sq f t ) )  , the m i n i m u m  pressure  imit ion limit 
was decreased from %4 t o  10 inches of mercury absolute’as the spazk-repetition rate 
was increased from 3 to  140 sparks  per second. A t  a high &r flov (3.75 lb/(sec) (sq 
f t ) )  , the effec t  was e a t e r  and the pressure Uudt wan reduced from 28 t o  18 inches 
of mercury absolute. Although  improved i g d t i o n  limits are possible by increasing 
the spark rate, the t o t a l  power required and weight of equipnent i s  increased. 
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Spark-rept i t ion-mte  s tudies   in  a full-scale e a r n .  (ref. 5) show the 8- 
trends as the-single-combustor  results. The affect of spgcrk-repetitIon r a ~  on the 
spark  energy  and power requirements fo r   i gn i t i on   i n   t be  engine at an a l t i t u d e  of 
50,000 feet and a flight Mach number of 0.6 i s  presented i n   f i g u r e  31. The spark 
energy required for ignit ion at this condition &creased fran 1.4 joules per spark 
(measured a t  spark gap) at 1 spaFk per second to 0.34 Joule per spark at  180 sparks 
per second ( f ig .  31( a) ) . Low spark-repetition  rates, however, are more desirable 
since the  parer  required  for  Ignition is lower, as shown fn figure =(b) . "hue, 
battery drain b lees. .eyeg .-t&ough the. energy per spark is greater. For example, 
ignition was obtained a t   t h e  same al t i tude windmi.lling condition  vith 62 watts af 
power a t  188 sparks  per second 88 .compared with only 1.4 W a t t B  a t  1 spark  per  second. * g  

. .  
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The size and weight of a capacitance-discharge-type ignit ion system vary 
irj 

with the c i rcu i t  of the systems. A high-resistance SyEtem, for example, needs a krg- 
er storage condenser than does a low-resistance  system t o  achieve equal  emrgy at 
spark WP. 

The basic c i rcu i t s  of three typical  low-vdtage (300 t o  3000 v a t s )  high-energy 
condenser-discharge igni t ion systems are presented in   f i gu re  32. The first of 
these systems (fig.  32(a) ) is a low-loss system  designed  with a high-voltage 
(10,000 volts)  trigger t o  -fire air-gap ignitors. A separate low-energy a u p p ~  of 
electric  current is fed intermittantly through the primary cf a pulse tratmformer. 
The high-voltage, lar-energy pulse of current  induced i n   t h e  secondary of ttbe trans- 
former (located i n  the mEhin ignition lead) ionizes the igni tor  air gap and allam the 
low-voltage, high-energy  spark t o  follow. The secondary (d the tramformer wa6 of a 

special  design t o  minimize losses (low resistance) resting fran  fbw of tk low- 
voltage  current from the storage condenser t o  the spark gap. - 

The seconU of the high-energy  systems (fig.  3Z(b)) is a triggered system and 
was deaigned t o  f ire either air-gap  or surface-discharge igaLtms. Surface-discharge w 
igni tors  aze constructed  with a semiconductive materid or coating between the  elec- 
trodes t o  pe-t fLaw of low-voltage current  wtthout  high-voltage  ionization (these 
we discussed i n  a later section). ante surface-discharge gap materiti~e are semi- 
conductive, a barrFer gap i s  used t o  prevent dLacharge of the s e ccmdenser u n t i l  
the break-&mu voltage d the barrier gap is revhed. I n  figure 7 32 b) is shown 
a small trigger condenser that discharges through the besrier gap and then  through 
the prime3y of a pu l se   t r ans fomr .  The induced "energy  high-voltage [2O,ooO 
volts)  ionization spmk that occurs at the Ignitor electrodes the high-energy, 
low-voltage spark t o  follow. This system will also- fire aLr-gap ignitors that are 
badly  fouled  with carbon or  other  deposits.  Figure  32(c) shars the  basic  circuit  
of a high-energy,  low-voltage  nontriggered  ignition system tha t  w i l l  fFre only surface- 
d i ach~~ge   i gn i to rB   s ince  no high-voltage  trigger is provided. The f l o w  of energy 
s to red   i n  the condeneer t o  the aemiconductiw  spark gap is controlled by a mechanical 
switch  or baxrier gap i n  the &n ignition Lead. 

Losses OCCUT. in.  capacitance discharge igni t ion syetew between the etarage con- 
denser and the s p x k  gap; f o r  example, energy is dissipated i n  barrier gaps that have 
a re lat ively high resistance. Reference 5 reports that the energy at the spark gap 
could be quadrupled by decreasing the reerLstance of an ignit ion cable i"r0m 1.2 to 
0.007 c&ih. Other b t a  (unpublished) have s h m  that o w  10 t o  40 percent of tb? 
stored energy I s  available at the spark gap SB determined by a calorimeter method. 
The relative performances of two of the three leplition systems having the basic * 
c i rcu i t s  of .figure 32 are presented Fn f igure 33. The minimum spark-energy ignition 
Limits were determined at two air-flow ra tes  in a shgle tub- combustor f o r  the 
low-loss and the  triggered system both itring the  sai@-air-gap *it&. The spmk 
energy (stored e n e r g y )  required for   ign l t ion  wlth t he  triggered system is greater 
by a factor of about 10 than that  f o r  the &w-bss system. mat O f  this large loss 
probably  occurs in the ba r r i e r  gap in   the  t r iggered system. Since  the  nontriggered 
system will not- fire 871 air-gap  ignitor,  the performance i s  not shown f o r   t h i s  
system i n  figure 33. . .  .. . 

. 
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Fundamental  StUdieS (ch. III) indicate that an  qetimm sp&rk duration extsts 
where the spark  energy required for ignit ion of a vapor fuel-& mixture is at a udni- 
mum. fche spark duration of the capacitance-discharge systems herein described depenaS 
on the circuit  and spark-energy level  involved, and is believed to be near the  opti- 
mum for minimum ignition energy, although the energy level  i s  much higher than the 
fundmental  studies show. 

I@* design. - SO= Of the Variables that Bid ignition Such 88 b W  @S V e b C -  
i t y  and turbulence, g&seous fuel-air mLxtm, and proper mixture strewh can he al- 
tered  or  controlled  locally  to some extent by the design of the ignitor itself. Nor- 
mally, s very random fuel and d r  endrollnaent eXtdetS i n  the vicinity of the spark 
electroes   ( ref .  7) .  e he ignition prfarmEsnces ~f several ignitors designed t o  have 
bet ter   local  environment and thus reduce  spark energy are reported i n  reference 9. 
Other spark-gap variables such as gap width and surfme-discharge  sparks  are q s o  in- 
cluded. Figures 34- &d 35 shou BORE of the  ignitor  designs and the results obtained 
n i t h  them. 

The effect of gap width on spark energy i s  shown i n  figure 34( a) for t w o  ig- 
nitor designs. Increasing the gap width of the wire electrode  Ignitor from 0.03 to 
0.24 inch had practically no effect  on the energy required for  ignit ion.   effect  
of quenching (ch. 111) i s  shown for  the ignitor havlng the heavier disk electrodesj 
the energy required is higher at aJ1 spark  gaps Up to   the limit of the tests at 0.20 
inch. 

In  reference 7 i t  is reported that the s p a k  electrodes #ere wet with  liquid 
fue l  and that excess ignit ion energy may be required t o  vaporize some of the fuel to 
form a flammable mixture for  igrdtion. The ignitor shorn i n   f i gu re  34(b) was fab- 
ricated with a Hichrome heating element near the 8pa;rk  gap, w h i c h  wa6 hea+ed separate- 
l y  by an electric  current. The reeults of combustor- tests show that the spark energy 
required for   i@t ion  was reduced; however, the  total  energy required (sum of spark 
and heating energy) was much greater than that for the reference  ignitor. A t  very 
Bevere ignition  conditions  near  the  limiting pressure wbzre spgrk energy increases 
very ra@Lly, heating elements may d d  ignition  since the curves (fig.  34(b)) 
&ow a lower pressure  ignition limit wLth the  heating element i n  use. 

Several  ignitor designs were fabricated that incorporated var ious types of 
shields t o  lower velocity and turbulence i n  the vlcinity of the spark  electrodes (ref. 
9). The largest improvement i n  ignition-energy  requirements resulked fl-om blocking 
the aunubr clearance around the  ignitor-where it passed through the combustor l iner  
and by blauking  off all cooling rdr  passing through the plug body (fig. 34( c) ) . 
BlockLng the. annul8x clearance reduced the  spmk energy required by a factor of as 
much a s  5. Blockhg  the  cooling-air  hole further reduced the spa;rk energy. 

A series of surface-discharge ignitors was also investigated (ref. 9) and in-  
cluded  both triggered and nontriggered designs. The conducting surface of the  trig- 
gered ignitors was a thin  coating of semicondqctive material glazed onto the insula- 
tor. These igni tors ,   in  general, had poor contact between the  electrodes and end- 
conductive material3  thus, tr iggedug was necessa;rg. In other designs, semiconductive 
sintered ceramic materials w e r e  used f o r  the spark-gap material. With these materiala, 
good contact  could be with the electrodes and, thus, 210 triggering w a s  reqrdred. 
Drawings of th triggered  ignLtor and the mutriggered  ignitor that perfarmed beat 
are presented Fn figure 35. The performances of these two ignitors were  campared 
with the perform&nce d a r e f e r e m  Ignitor when fired by the triggered ignition sys- 
tem ( f ig .  32(b) ) . The best  triggered  ignitor gave better performance than the best 
nontriggered  ignitor  wheI.fired by their  respective  ignition  system^. 
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The results of ignitor design s tud ie s   i n  a single combustor are summarlzed i n  
figure 36. The dashed  curve3 .shm the  spark  energy  required  for.  ignition w i t h  the 
reference  ignitor (Standard inetal la t ion in the single combustor used).  Reductione 
i n  spark energy were observed f o r  many ignitor &e&@ changes, but the greatest i m -  
provement was obtained by reducing  local air v e l a d t y  and turbulence. The best 
slrrface-discharge igni tor  was about equally ef fec t ive   for   ign iaon  ae the reference 
air-gap  ignitors when fired by the low-loss s y s t e m .  

Although complete systematic study of ignitor-design variables has been made 
i n  a full-scale englne, several investigations have included changes i n  ignitor de- 
sign in attempts t o  improve the altitude ignition limits. 

The results of flight investigations reported in reference 17 indicate that 
surface-discharge igni tors  were about  equally  effective as air-gap imtors. Non- 
shielded (flush-gap. type) ignitors were better than shielded igrdtors. Carbon forma- 
t i o n  on the shielded ignitors  prevented the fuel-air  mixture frau coming in to  close 
contact  with  the  spark,  thus  preventing  ignition  although the plugs continued t o  fire 
even when badly fouled. Brief t e a t s  were also made with a standard air-gap ignitor 
Kith a larger  cooling-air  hole. Lawer al t i tude  ignition Butits resulted from the 
greater cooling air, as was also shown by the single-cmbustar  lgnitor-design studies. 

Large increases in altituk igni t ion Umit were obtdned by blanking off a gap 
around the  Ignitor where it  vent through the   l iner  of an annular combustor (unavail- 
able NACA publication). The altitude igni t ion Hmlt was increased from about 5000 
feet to a dunnu of 50,oOO feet at a f l i g h t  Mach  number of 0.9. 

Fuel  prevaporiziug combustion chambers such 88 the Python (ref. l8) require a 
torch-type  ignitor for  ignit ion.  The&, i n  general, c m ~ f s t  of 8 small separate f u e l  
nozzle i n  combination with a spark gag. The igni t ipq s p r k  ignites the spray from 
the  nozzle, and the resulting torch vaporizes  and ignites the merLn f u e l  feed, which 
i s  injected  into the vaporizing tubes of the combustor. 

Spark-wp lOC8tiQtl. - I n  diff-nt combustor design8 the e-fb patteI'n6 Bnd 
fuel-air-rat io  distribution may vary. Thus, it i s  necessary to locate tbe spark gap 
i n   t h e  most favorable  position w e r e  gas velocity and turbulence are low and where 
the  fuel-air  mixture is mst apt t o  be near the ideal conditions. 

I n  o m  riingle-cmbustor  study  {ref. 7), the a i r - f l o w  patterns at nonburPing con- 
dit ions and the manner of initial flame  .spreading  indicated that a mre favorable 
mixture for   ign i t ian  m y  exist i n  the center of tbe ccmbuktor w k r e  r e v e r e  flow oc- 
curs. In reference 9, the spark-gap emrsion depth was varied i n  this sane combustor 
(533). The spark enerpy required for   ign i t ion  i s  presented i n  figure 37. Im- 
mersion depth had a negUgLble ef fec t  on the spark-energy  requiremente  except  very 
close t o  the l i n e r  where the required energy was water.  

Flight test8 a i t b  a J33 full-scale engine (e. 17)  indicated that 8n optimum 
i m r s i o n  &gth & about 0.85 inch existed f o r  s SUrfaCe-diaCharepe igULtOr. Thi8 
p a i t i o n  1 s  relatfvely  near the cambustor l i n e r  w". I n  a 335 combustor (ref. 5 ) ,  
moving the spark gap to the  center of the combustor increased tbe al t i tude  igni t ion 
Uudt by 20,OOO feet at a Mach numbr of 0.8 (f ig .  38) but had lees   effect  a t  
lower f l i g h t  speeds. 

Apparently the optimum spark-gap loca t ion   i n  a canburrtor i s  best found by ex- 
gerimentation since there agpears  t o  be no consistent optimum position in different 
combustor designa. Mk-gap   l oca t ion  may become of lesaer impmbance when other 
ignition  design features mch as shielding agxLnst high local veloci t ies  are 
incorporated. 
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Combustar design. - S i n s  the spark energy required for  ignit ion is sensi t ive  to  
the local environment at the spark gap, it is logical that the combustor liner itaelf 

exam l e  , a flame could be maintained by the igait ion spark i n  an experimental combus- 
to r  ?ref. 19) at pressures b e l o w  the stable burning pressure  limit. Burn ing  was d n -  
tained i n  this combustor at pressures of 3.8 and 5.0 inches of mercury absolute at 
air-flow rates of 0.93  and 1.47 pounds per second per.square  foot,  respectively, by 
an  i@;nition  spark havlng an estimated spark energy of 0.025 joule per sp8z-k. Com- 
parison of these data with figure 19 shows that  large  gains  in reducing  spark  energy 
can be achieved  through combustor design. 

. may be desigped t o  provide Lrw velocity and turbulence i n  the Fguition zone. For 

. 

flmrmary of Spark-Ignition Variables 

The variables that aid ign i t ion   in  fundamental studies  also aid ign i t ion   in  tur- 
bojet cordbustors i n  both single cambustas and full-scale engines. Improve& ignition 
was indicated by Larer starting fuel flows and ignition spark energy. The spark en- 
ergy level, however, was much higher than that required i n  the findamenGal studlea.  

As predicted by fundamental studles,  ignition  in turbojet combustors wa6 easier 
a s  pressure and temperature  increased and as velocity  decreased. These variables are, 
i n  general,  fixed by the  paxticular engine and operating  conditions  involved,  except 
where the local. velocity and turbulence at a spark gap can be altered by design.  In- 
deed, ignitors and combustors designed far law local  velocfty and turbulence may 
greatly reduce the required spaxk energy. 

Stezting  tests with fuels of different   volat i l i ty  showed that the more volat i le  
fuels ignited at lower fuel flows and with less spark energy. This re f lec ts  the funda- 
mental. requirements that a gaseous fuel-air  mixture with a proper mixture strength is 
desirable. The more volat i le   fuels   evaprate  more readily  to produce the proper mix- 
tures at lower fuel flaws. Spray nozzlea  designed to  produce f iner  &omization also 
aid ignition by allowing fuel to evaporate more readily. 

Other design  variables such as the circui t  of the  ignition system also have a 
large effect on the spark energy required for ignition. 

Since both fuel  flaw and spark energy indicated  ease of ignition, there probably 
i s  an empirical  relation between the two. When sufficient data e m  available, the 
parameter v / !  cau probably be to include ELU the operattonal and fuel 
variables. 

~ p e c i a 1  ~ e c h n i p s  

Chemical ignition. - Very limited data have been obtdned on igniting  turbojet- 
englne combustors by chemical means. cheadcals that ~ t r e  spontaneously flamable i n  
air and have a high rate of energy release may offer a relatively sFnrple BOUrCe of 
ignltion  for  turbojet  cmiustora.  In  reference 3, the possibiUties of using aluminum 
borohydride as an ignition murce are discussed. This chemical i s  one af the most 
highly flammable substances known and has & heating wdue equivalent to 32,000 j au les  
per cubic  centimeter. 

Special injectors were developed to inject  the chemical in to  the combustion cham- 
ber; however, diff icul t ies  were encountered  because af oxides farmed by the burning 
liquid and a polymer that f o m d   i n  the chemical storage space i n  the injector. 

Ignition  with aluminum borohydride  (approximately 2 cc) waa obtdned dam t o  
the  pressures  indicated i n  figure 39. It is believed that lower ignition limits 
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can be obtained by improved metho& of injecting the chemical. The comparison i n  
figure 39 of @bd-nm bOrOhYdr.iae ignition limits with  those for  spark ignition 
aystems indicates the chemical t o  be a more effective  ignition source than the 10- 
joule spark system. 

The spark ignition dats of figure 29 (also data from ref .  4 )  are replotted 
i n  U w r e  40 88 a function of the  empirical parameter v/@. With %he curve 
through the data extrapdated  to  values at V / f i  corresponding t o  the alundnum boro- 
hydride ignition Urnits, s spark energy of apprcdmstely 100 joules per spark would. 
be required t o  achieve ignition, if the  extrapolation i s  asmaned v a d .  The amount 
of energy in the   chemic~~~,  however, i s  app-mately ~Q,OOO 3-s ( Z  cc). 

Additional test8 of m i x t u n s  af alLuminm borohydride in n-pentane indicated that 
mixture8 of &a little as 20 mole percent aluminum borohydride were qontaneouQ fh- 
mable i n  a s t a t i c  test chamber fi l l@& with  relatively d r y  air at roan temperature at 
an absolute pressure of 1 inch of mercury. !Chis pressure condition i s  more severe 
t h a n  any current  turbojet  operating  condition. 

Although these data show that aluminum borohydride is potentially an excellent 
source of ignition  for  turbojet combustors, practical means of storing, transporting, 
and injecting  the cheudcal must be devie-ed before it can be used In drcraft. Other 
apontaneausly f r b l e  aubetances may ale0 warrant  study. 

Further work on chemical ignition w&8 recently  publiekd  in  reference 20. ALup6- 
num borohydride was diluted  with hydrocarbons as a possible maus far easing the etor- 
age and injection problems. A mixture of 40 percent 8.luudnum borohydride i n  JP-4 
fuel  ignited a turbojet combuatm -st as w e l l  as the undiluted chemical. Ignition 
was improved by mug longer iaectlon  &ratione,  which were obtained by udng smaU 
capillary  injection  tubes or by diluting  with s v l ~ o u s  material euch aa mineral all. 
A t  -400 F, a 40-percent mixture of akm~~num borohydride in mdneral oil had a much 
'better ignition lilait than a 40-percent ndxture i n  Jp-4 fuel. 

e r e n c z F a n d  another (unmailabb) NACA publication of the effect of feeding oxygen 
into the primary zone of the combustors eguippd with ignition Bources. Although this 
oxygen enrichment ~ ~ ~ l t e d  in ignition and flame propagation i n  a shorter time at sn 
d t i t u d e  apprdmateu x),ooO feet  higher, its use i n  a f l i gh t  installation might be 
impractical because of khe extra- might of injection  eqyipmnt . 

n enrichnmt. - Brief full-scale-engtne iWef~tf.ga%i~~S a ~ e  reported I n  ref - 

In engines equipped with i n d i V i W  tub- caolbuetore, eter ignltion of the 
fuel-air mixture is  accompllehed in   t he  combustore containing  ignition aources, the 
flames muet spread t o  the combustors without ignition eources. IIollov crose-iire 
tubes  interconnecting the inner-liner chanibers are u t i l i zed   in  t h i s  prqpaeatim 
process. Flem crossover i n  enginea equipped with annular combUet.lon chambers is  
not a serious problem, aince tbe flanre mu& propagate only fpau on& fuel  epray t o  
another around the engine. 

The mechanism  of fLarne propagation through cross-flre tubes has been shown to 
be 8. result af 8 pressure  differential between ignited and unigoited co?nbustors [ref. 
5). Tbe two cross-fire tubes  attached t o  a combmtor equippd with a s p z k  Ignitor 
were i m t m n t e d  with velacity  pressure probes facing both  directions. A flow veloc- 
i t y  away from the ignited combustor was noted i n  both  tubes simultaneously with oc- 
currence a f  temperature r i s e  i n  the combustor, the vehcity  incressing &8 the temper- 
ature r i s e  increased. After the combustors containlug no ignition sources  indicated 
a temperature rise, the ve loc i ty  through the tubes decreased. !l!hus, the preeaure 
differential  between combustors results in the transference of ignited gases  through 
the cross-fixe  tubes  to ignite adjacent combustors. - 
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Effect of  Cross-Fire-Tube D i a m e t e r  

The degree of success of fl8me prmtion is  dependent on t h e   a b i l i t y  of the  
flowing gases t o  support  canbustion  and is  therefore subject t o  the mixing and quench- 
ing variables previously  discussed i n  connection  with  ignition.  Mlammability 
limits of propane-air mixtures in t e r n  of pressure  for  various.  tube diameters are 
presented i n  chapter Iu: ( f ig .  111-8). With an opthuum propane-air mixture, the 
pressure limit at  which propagation  could  occur  decreased fran 4.0 t o  0.8 inch of 
mercury absolute when the tube diameter 'was enlarged frm 0.63 t o  2.6 inches. 

kvesti&tions  with  various full-scale engines in  both al t i tude  research facili- 
ties and flight tests show E similar ef fec t  of tube diameter on flame  propagation Um- 
its. The results of a representative  investigation with a typical  turbojet  engine i n  
an a l t i tude  chamber are shown in figure 4l. The a l t i tude  flame propagation limits 
are shorn f o r  a range of   f l igh t  Mach number f o r  three cross-flre-tube diameters. An 
increase in dhmeter from to 2 inches Increased the   a l t i tude  limits at flight Mach 
numbers of 0.4 to 0.8 fram 30,000 t o  45,000 feet. Increasing the w t e r  t o  2 
inches  resul ted  in  S U C C ~ S S ~ ~ ~  propagation t o  the mnrLmum a l t i t u d e  a t  which igni t ion 
was obtainable, 55,000 feet. However, these high-altitude prqpagEbticm limits w e r e  
obtained only wlth considerable manual. throttle  manipulation. 
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Wfect  of Cross-Fire-Tube Location 

The Location of cross-fire tubes with respect to fuel-spray pattern and combue- 
t ion  flame front  is important. The invest i   t fon concerning  cross-fire-tube diameter 
also included dta on tube location  (ref.  me propagation m t s  f o r  t h e e  e a 1  
locations of the 2-inch-diameter cross-fire  tube i s  shown in  figure 42. As the tube 
was moved from the standard location of 5 inches downstream OP the fuel-nozzle t ip 
to 7.5 and 10 inches downstream, there  was a progressive drop in propagation llmits 
A-an an  average a l t i t u d e  of about 55,000 t o  45,000 feet. These results suggest that 
f o r  any part icular  combination of conibustor and  fuel-nozzle design there.is  art opti- 
mum location of the cross-fire  tubes. 

Effect of Fuel Atamization  and Volat i l i ty  
The requirement of a proper vapor fuel-air  mixture concentration  for optimum 

flame  prqpaga€ion velocit ies,  as discussed i n  chapters JT and V, indicates  the h- 
por t ancqof   fue l   a t adza t ion  and v o l a t i l i t y  ES influencing  factors i n  f-e propaga- 
t ion.  me effect of fuel  atamization on propagation at sea-level s t a r t i n g  conditions 
is demonstrated in reference ll. The time required  for  full flame condi t ions  to  be 

.established in all 14 combustors  of the 533 turbojet  engfne was cut  in half by de- 
creasing  fuel-nozzle  sfze f r o m  40 t o  10.5 gallons per hour (100 Lb/sq. in. pressure 
different ia l )  using AN-F-32 fuel (MI%?-5616 , grade JP-1) . The ef fec t  of f u e l  atom- 
ization at altitude  conditions  over a range of flight Mach numbers w a s  qual i ta t ively 
investigated  by comparing propagation limits with  three  different  types of f u e l  noz- 
z le  in a typical  turbojet  engine (ref. 5) . The data obtained are plotted in figure 
43. The cross-fire  tubes used were I r -Fches  diameter ( larger  than t h e  s t a n d a r d  
7/8-in .-dim. Bize fo r   t h i e  engine) . me difference i n  propagation limits was S d l ,  
but  the  nozzles  producing  the  finest  atomization  (simplex, S-gal/hr) provided the 
maximum limits over the en t i re  range of f l i g h t  speeds  investigated. 

The effect of fuel v o l a t i l i t y  was obtained in t h e  same engine  using standard 
cross-fire tube's arid variable-area fuei'nozzles. Figure 44 shows the progagation Umit 
increased a b u t  5000 feet f o r  an increase in  R e i d  vapor pressure f ran 1.0 t o  6.2 
pounds per square Inch.  Result8  reported in refeqence 14 show that the fuel-air 
ratios required for propagation t o  occur in a full-scale engine %rid k5th fuel vola- 
t i l i t y ,  88 best ind ica tedby  the   d i s t i l l a t ion  curves of the fuel8 ra ther  - by R e i d  
vapor pressure. 

3 
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It is alsa reported i n  reference 14 that  the minimum ti= for  propagation in- 
creased f r o m  less than 2 6econds t o  14 seconds &B the fuel volati l i ty Increased, aa 
indicated by the  dist i l lat ion curves. This phenomenon is explained by the mechanism 
of flame crossover  previously discussed. High-volatility fuels ignite at lower fuel- 
air ratfos. Thus, the pressure difference t o  progagate flame through the crossoyer 
tubes is less, and longer propagation times result. The time for  progi8gation was 
also greater at high altitudes (above 45,000 f t ) .  

The data availabh concerning flame propagation throw cross-fire tubes indicate 
that proper concentration of vaporized fuel-air ndxtures and large-diemeter crose-fire 
tubes, short as possible  to keep  quenching effects   to  a minimum, properly  located in 
the combustor liner s ~ e  primary factors in providing maximum altitude propgation 
umi t  8 .  

AcX2-W 

The thi rd phase of a successful en&= start fs the .mcsleration of t h  
compressor-turbine combination to  steady-state  operating levels. This acceleration 
is accontplished by increasing the fuel rate, thus rsiging the turbine-inlet-air t e m -  
perature and pressure and providing the necess8z-y power. The acceleration problem 
can be sepmated in to  two phases: acceleration from the law speeaS at which flame 
propagation was accomplished t o  no& operating speeds and acceleration from one 
steady-state speed t o  a higher value. The time required for acceleration from start- 
ing rator speed i s  apt t o  be several  times longer than  acceleration *om 50-percent 
rotor speed t o  m a x i m u m  rotor speed;  however, both phases of acceleration are influ- 
enced by the 8- variables. The diECUSSiOn of acceleration i n  this chapter b s  mt 
differentiate between these two phases. 

The three main factors  controlling the rate of acceleration are compressor surge 
and stall, combustion blow-out,  and the maximum SllOrJBble turbine-inlet temperature. 
Succeasful  acceleration i s  accarqglislaed by adding fuel i n  such a manner that the 
compressor-turbine combination speeds up i n  a minimum time without exceeding the max- 
imum allowable  turbine  temperature. Conrpressor surge is characterized by a sudden re- 
duction and severe  fluctuation of pressure throughout the engine, s decreaee of air 
flow, and excessively high turMne-outlet  temperatures. During acceleration, the 
cmpressar-outlet pressure increases t o  a value above the steady-state value because 
of high turbine-inlet temperatures and, without  occurrence of surge, remine: higher 
throughout mst of the transient. The pressure  ratio that is tolerated by the com- 
pressor without flow b r e a m  i s  Umited, and as a result, the rate of acceleration 
is limited by the surge characteriatica of the compreeear. Also, inasmuch as fuel . 
can be added rapidly enough t o  reach Ghe rich-limit  fuel-air  ratio, cambustion blow- 
out can Hmit acceleration. 

The diacussion of acceleration i s  divided into two categories, full-"engine 
results and single-combustor r e su l t s .  The effects of operating variables and engine 
components, including control   ~ystem~,  are assessed. Iche aingle-combustor result8 
are discussed with regard t o  their applFcation t o  engine accelerrrtion problem. 

Engine Investigation8 

The hypothesis i s  made i n  reference 22 that the dynamics &f a turbojet englue 
during acceleration might be considered aa a series of equilibrium states. EquaMons 
are developed that fo re t e l l  the transient behavior of the engine variables as a func- 
t ion of engine rotor speed snd fuel f l o w .  However, deviations between observed and 
predicted performance were found, especially  for rapid acceleration rates, that indi- 
cate the assumption of quasi-static processes is not rigid. 

b 

- 

n Ei 
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I n  the experimental  engine investigations covered i n  the  discussion  presented ' 

herein, the transient behavior of e m n e  vetriables such as compressor-turbine rotor 
speed, compressor-outlet  pressure, fue l  flow, turbine-outlet temperature and pressure, 
and exhaust-nozzle are8 were measured by meas a f  oscillographs, which continuously 
recorded  the change  of each  variable  during  acceleration. A n a l y s i s  of the data ob- 
tsined i n  this manner  shows that good correlation exLsts between steady-state surge 
and surge obtsined by means of transients. 

A steady-state  operating line, compressor surge  chexacteristics, and typical 
variation of compressor pressure  ratio  with  corrected rotor speed far two transients 
for  a J40 turbojet engine arre presented in   f igure  45. This plot shows the  rela- 
tion  &sting among the various engine operating lines. Successful  acceleration  wlth 
no surge  encountered i s  aham as run 1, where th rotor speed before  acceleration was 
6300 rpm. During the initial p& of the  transient,  the  pressure  ratio  increased very 
ra@dly with l i t t l e  change i n  engine speed. Then the engine  speed began increasing 
at a normal rate and the surge l ine  was approached but  not reached.  Slnce the recov- 
ery =ne i s  belotr the steaay-state line ( in  term ~f pressure ra t io   for  a given  engine 
speed), the compressor can recover from surge only when the  pressure  ratio is reduced 
below the steady-state  value at a given  engine speed. Recovery can bs accomplished 
by reducing fuel flow, or by increasing  rotor speed wi-ut increaeing  press& rat io  
by permitting the engine to accelerate through surge, if possible. An example of 
recovery by accelerating through surge i s  run 2, *re surge was encountered drrriug 
the initial part of the fuel  transient becauae the steady-state line and surge line 
are close  together at this low speed. After surge was encountered, the fue l  flow 
remained constant a d  the engine speed increased slowly with little increase i n  pres- 
sure ra t io   un t i l  the recovery line was mtj then the engLne accelerated i n  a normal 
manner with  pressure  ratio  increasing  ragidly  until ful l  speed was attained. This 
method of acceleration required substantially more time for the transient t o  take 
place  than w l d  acceleration  with no surge, Of course, if blow-out had occurred 
during  surge,  acceleration would cease and deceleration t o  Kindndlling speed would 
have f ollawed . 

The fac t  that all engines do not have the same sensit ivity t o  compressor surge 
i a  shown by an  investigation of a siHdlsr engine, a 53$ engine, i n  which acceleration 
was accomplished i n  ths shortest ti= at an alt i tude of 40,oOO fee t  by passiug through 
surge rather than avoiding it (unpublished data). W e  method of acceleration was 
successful  with this engine because the surge encountered was not severe enough to 
cause a complete flow breakdown at these operating  cmditions. However, this method 
i s  not recomnmended, because vibrations and temperature  pulses acc-ng surge  could 
r e s u l t   i n  shortening the s t ruc tura l   l i fe  of tbe engine. 

Typical  accelerations have been described and the relation  existing mng the 
va,rious engine operating pazaueters has been discussed. The many factors  influencing 
acceleration and their   effects  on acceleration  are  discussed in   t he  following 
p=-=PaPhs: 

Campressor-turbine speed. - The effect of rotor speed on acceleration can be 
seen by referring to figme 45.  The excess power available f o r  acceleration,  in- 
dicated by the distance between the  steady-state  operating line and the surge line, 
was considerably  lessened as rotor speed w&s reduced. Thus, the amount  of  power 
Enrailable far acceleration  decreased  with  decreasing mtor speed. It i s  noted that 
pressure-ratio margin is only an approximate index af engine acceleration  capability, 
at least with some engines. One investigation of an axial-flow eugine with inlet 
guide vanes closed showed little or no change i n  &mum acceleration  rate  xtth an 
increase i n  engine speed 8nd pressure-ratio margin {ref. 23). 
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-rating  altitude. - The rate of engine  acceleration i s  dependent-upon the in- 
ertia and f r i c t i o n  of the rotat ing parts, the ram e n e r a  of the engine- iaet  dr ,  the 
internal  aerodynamic f r i c t i o n  of the englue, and the  excess power available. dti- 
tude i s  increased, the alr flow, the ram energy of the air, the  internal  aarodyaamic 
fr ic t ion,  and the excess parer developed by the  turbine all & e a s e ,  but the i n e r t i a  
and ~ c h a n i c a l   f r i c t i o n  of the rotating parts remain constant. I n  a t i o n ,  as ati- e - 

tude i s  increased the ateady-state pressure rat io   increases   ( for  a constant -st- 
nozzle area), W h i l e  the surge line remains  unaffected o r  does not change as much as 
the  steady-state line. As a general rule, tlze pressure-ratio maren  between s t e w -  
state and surge r&TOWB, r e s u l t i n g   i n  a decrease in available paver and fuel-input 
margin . f i x  acceleration. 

i 

32 
(0 

n 
The time required t o  accelerate a J47 engine a t  various altitudes i s  shown i n  

figure 46 where time is plotted  against  percent of rated rotor speed for   several  
a l t i tudes at constant initial flight Mach number (unpblished data). A t  an altitude 
of l5,OOO feet, an  acceleration f r o m  76 percent rated speea t o  u30 percent rated 
speed required 6 seconds; whereas, at 45,000 feet, the time required for   the  same ac- 
celeration was 40 seconds. Above an  alt i tude of about 30,OOO feet, manual contra1 crf 
the acceleration w a s  necessaq, since the engine control system advanced the throttle 
too fast, causing compressor surge. 

Above 35,ooO feet, very rapip  throt t le  advances usually resulted in combustion . . . - 

blow-out. Blow-aut became mCii% severe as altiiiu&"%s- €l ic rea&& h e  severe sGgea 
may also be encountered at higher  altitudes  since, with less fuel margin between 
steady state and surge available, a tbrottle burst may force the pressure-ratio far- 
ther i n t o  the surge region than at l o w  a l t i tudes.  Other aspecte.of the combustion 
process are presented i n  the discussion of the Esults obtained  wlth  single-combustor 
apparatus. . . "  

. ." . . . - " 

Flight Mach number. - A reduction i n  time required for acceleration can be ac- z 

complished by increasing  the air flow through the e-ne and by increasing the pres- 
sure ra t io   across  the turbine. The maximum pressure  ratio  obtainable  acrosa  the tur- 
bine i s  a measure of maximum power available for acceleration.  Increasing  flight Mach 
number adds a i r  f l a w  because of ram effects and also sllows a grC!ater turbine pressure 
r a t i o   f o r  a given  exhaust-nozzle area. Bence, increasing f l i g h t  Mach numbsr has a 
Hidening effect  on the distance between the steady-state and surge l i m e  similar t o  
the effect  of decreasing alt i tude.  The effect  af flight Mach number on the accelera- 
t ion  of a 547 engine i s  ahown i n  figure 47 far three Mach numbers at a constant 
al t i tude of 40,000 feet (unpublished data). A t  a Mach nuniber of 0.37 acceleration 
from 76 t o  97 percent of rated sped required 22 seconds, while at a Mach number of 
0.62 only 9 seconds were requlred. 

I 

-ust-nozzle a-ea. - The primary purpose of a variable-ma exhaust  nozzle is  
t o  modulate thrust with constant engine speed. A variable-area exhaust nozzle also 
allows more parer  for  acceleration by decreasing the turbine-outlet pressure. The 
effect  of exhaust-nozzle area on acceleration time i s  presented i n  figure 48 for  
a 547 engine (ref. 24) at two alt i tudes and at a f l i g h t  Mach number of 0.19. A t  an 
a l t i t u d e  of 15,000 feet, acceleration time was 13.5 seconds for the variable-area 
nozzle as compa;red with 18 seco- for the constant-area  nozzle. A t  45,ooO feet, the 
acceleration times f o r  the two nozzles were 22 8nd 35 seconds, respectively. Another 
investigation  (unpublished data) of a J47 e&ne reported that wkn the exhaust- 
nozzle area was increased by 50 percent,  the  acceleration times at 35,000 and 45,000 
feet were reduced 50 and 35 Srcent ,   respect ively.  !thus, use of maxim exbaast- 
nozzle area greatly  reduces  acceleration time, but  acceleration  t ima at high-altitude . 
operation are still long. -mum alt i tude  igni t ion  l imits  are obtained  with a mini- 
mum exhaust-nozzle area {condition of highest cmbustor  presaure); therefare, the 
miable-area nozzle is closed during starting and opened wide cfuring acceleration. 

P 
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Inlet  guide vanes. - The use of variable inlet guide vanes ahead of the compres- 

sis i n  reference 25. Ekperimental h t a  demonstrating the effectiveness of vanes were 
obtained  with  an  axial-flow turbojet engine i n  reference 23. Results obtained  are 

gine rotor speed for  three  inlet-vane  positions. Maximum accelemtion rate increased 
considerably aa the vanes were closed,  especially i n  the low-speed range. For any 
vane setting,  lexger  fuel  steps  result i n  higher maximum acceleration rates, and since 
much larger fue l  steps are  permitted (before surge occurs)  Kith  the vanes closed, 

tually al l  engines are improved i n  the low-rotor-speed range by w e  of inlet guide 
vanes, but not necessarrily i n  the high-rotor-speed range. However, the vanes may not 
always allow  increased  acceleration k t e s ,  since  fuel-step size may be limiting at 
high a l t i t u d e s  because of combustion blow-out. 

.L BOT for  the purpose of improving acceleration  characteristics i s  suggested by analy- 

t shown in   f igure  49 where maximum acceleration rate is plotted as a function of en- 

faster accelerations were attained. As a general rule, surge characteristics of vir- 

The effects  of inlet-air pressure  distortion on the operational  cwacterist ics 
of the engine w e r e  also observed. ELther . r a d i a l  or drcumferential  distortions a t h  
the guide vanes open redu&.bo.th surge-fuel-flow and compression-ratio lilaes, and 
thus resulted i n  a decreaae i n  the &mum acceleration rate of about 17 percent at 
a rotor speed of 7000 rpm. However, a l l  engines do not behave i n  this msnner; ac- 
celeration  characteristics of some b e  been improved by radial distortions. 

Control systems. - The function of an engine control system is to emure engine 
operation at optimum settings of all e&ne variables at any given operating condi- 
tion,  conaidering operational., performance, and safety  factors. The values of the 
various engine parameters are used to control fuel input and exhaust-nozzle position. 
Several  investigations  with  different e-nes have shown that, i n  general, maxim 
acceleration WBS obtdned near  surge (refs. 26 to 28). The investigation of an  early 

with compressor surge.  Thia relation can  then be used to obtain optimum acceleration 
c k a c t e r i s t i c e  Kith protection f r o m  surge and blow-out. A number of engine-parameter 
combinations might be uaed as control schedules; the choice would depend on the char- 
acter is t ics  of the particular englne  conaidered and the renge of operating  conditions 
deslred. 

I 547 engine reported i n  reference 24 showed that ccllibustion blaw-out data correlated 

An example of accelemtion using the relation between fuel flaw and coutpressor- 
ou t le t   to ta l  preasure (altitude compensated) fo r  the J47D engine is  shown i n  figure 
50. A steady-state  operating  line, the highest permissible sett ing of the 
fue l  limit, ~ t n d  %he path of a typical thmttle-burst acceleration as governed by the 
electronic  control  are also shawn. Tke fue l  f l o w  increaaed f r o m  point A at the be- 
ginning of the tbrot t le  burat t o  the  limft curve BCD, f o l l m e d  it as the compressor- 
outlet  pressure increased with m t o r  speed u n t i l  at point D the turbine-outlet t e m -  
perature limit was reached, reducing the flow to  the  steady-state  value. Iche loop i n  
the curve near the steady-state line was caused by the  control seeking  equilibrium 
conditions.  In this manner  engLne controls  can be scheduled t o  provlde fast accelera- 

c t ions with a minimum chance of encountering sur& or blow-out. 

An aspect of engine behavtor that complicates tk job of t h i s  type of control i s  
reproducibility.  Acceleration data obtained  with three engines are c-ed i n  ref - 
ereme 23. Twu different engines of the same mokl and the sens engine before and 

through a two-fold range among these  engines at a given  rotor aped and an altitude 
of 35,ooO feet .  The var ia t ion   in   ab i l i ty  to accelerate was due t o  M f t i n g  surge 
lines; the  pressure-rstio margin was different  with each e m .  Iche acceleration 
characteristics of a x i a l - f l o w  engines are appe;cently quite  sensitive t o  accumulation 
of tolerance  errors  or assembly clearances. 

* after dismantling snd rebtdlding were used. The &mum acceleration  rate  varied . 
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Another type of engine control based on a detectable signal from pressure tran- 
s ient   or  blade-stress phenomena that would warn of impending s t d l  or  surge i s  a s -  
cussed i n  reference 27. For the engine investigated, the only gtall warning observed 1 

WRS i n  a Umited speed range. m a n e   c o n t r o l s  of this type would be feasible if a 
r e l i ab le  warning signal could be found. 

. " 

". 
.. . 

&e minimum fuel-flow setting m u s t  be considered f o r  proper  control  deeign, ae 
discussed i n  reference 29. A minimum f u e l  flov must be s e t  on the control to prevent 
lean combustion blar-oUt and a l l o w  sufficient fuel flow f o r  engine starting.  Per- 
formance penalties at Mgh a l t i t ude  can be incurred, however. A fixed minimum fuel 
flow could result i n  an a l t i tude   ce i l ing  %low that desired s ince  thle  fixed flow 
might be sl lght ly  above the flow required for  steady-state  operation. Overtempera- rn 
ture of the turbine or overspeedlng of the engine might result. !Chese d i f f i c u l t i e s  
can be overcolrme  by varying the minimum fue l - f lax   se t t ing  with total inlet pressure 
t o  avoid lean-Umit blow-ouk without r e s t r i c t ing  performance at high al t i tudes.  

3 

Single-Cambustor Investigations 

The dEbta.dlscussed i n  this section  resulted frcm six investigationa. Combustion 
chamber6 from the 19x6-2 and eazly J47 turbojet engines =re used t o  Bhow the amount 
of temperature r i s e  av-dlale for acceleration at high-altitude  steady-atate opera- 
tion  (unavailable EACA publications).  Reference 30 presents data obtained i n  small- 
scale  laboratory burners with a number of fuela i n  an e f f o r t   t o  determine the be- 
havior of the corpbustion process during fuel acceleration.  Transient combustion 
character is t ics  were &so studied i n  a series Os three investigations (refs. 31, 32, 
and 33) with  both 535 and 547 production cmbwtw.e. .. . . . .. " . .  

Turbojet engines have steady-state  al t i tude ceilings that a.re imposed by the 
a b i l i t y  of the canbustion  process t o  supply suff ic ient  heat to   apera te  the turbine. 
This maximum a l t i t ude  i s  usu&L1y referred t o  as %he altitude operational limit and 
varies  for different  engines. An example of such an altitude aperational  l imit  for 
an early engine, the l9XB-1 engine, i s  shown i n  figure 51. Include& on the figure 
are l i nes  of excess temperature rise available for accehrat ion,  that is, the maximum 
temperature r i s e  produced .by the combustor minus the  temperature rise required to 
operate the turbine at the particular  rotor-spe,ed - altitude condition. It is ap- 
parent that the amount of temperature r ise   avai lable   for   accelerat ion decreases a8 
the altitude  operational umit i a  agpraached, wbich means that acceleration of the 
engine would become pmgreesively more sluggish  unti l  q t th  or  na acceleration youla - -  

. 

occm . . .  . .. . . " "  

Data obtained i n  the J47 combustion r i g  indicate that, at a 30,000-foot a l t i tude,  
acceleration was limited at low rotor  speeda by €he a b i l i t y  of the combustor t o  pro- 
duce temperature rise,-wfiereas, at high rotor speeds, the tuaximum allarable turbine- 
i n l e t  temperature was r e s t r i c t ing .  This e f fec t  1s due t o  the cambustor-inlet condi- 
t i ons  at low rotor speeds  being more severe toward the combustion process. As rotor  
speed i s  increased at a constant  altitude, the inlet conditions become less evere, 
as indicated by the ahape of the altitude-operational-Umit curve shown i n  figure 
51. A discussion  of altitude Operational limits and the  combustor-inlet-parameter 
effects on combustion  peflormance is presented i n  reference 34. This inability of the 
combustion process t o  supply sufficient heat at l o w  rotor speects and at conditions 
ne- the   a l t i fude - operatianal limits coupled  with the smaller margin between steady- 
state and compressor surge Unes, as pointed  out   previouw  in ' this  chapter, indicates 
the   d i f f icu l ty  of obtaining  acceleratFon at high al t i tude and low rotor  speeds. 

f 

The small-scale  laboratory  burners (ref. 30) were 2- and J-inch-dl8n~ter combus- 
tors of varying design. The data were obtained far the fallowing cmbustor-inlet air 
and fuel  conditione: pressures vsryiug from 16 t o  49 inches  of mercury abmlute, air 
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flows from 0.04 t o  0.10 pound per second, fuel  accelerations up t o  fuel-aLr ra t io  
changes per second of 0.6, constant. inlet condltions, and conditions of increasing 
pressure as supplied by the temperature rise. The fue l  types  studied  included nor- 
m a l  paraffin,  isa”&fin,  olefin, production jet fuels, propylene &de, isopropyl 
chloride,  isopropyl  alcohol, and various blends. Ceta obtaned showed that  unsteady- 
state blow-out and msxLmum temperature rise, though not reprducible, were &B high 
as or higher than  steady-sdte blow-out temperatures fo r  all burner  operating coudi- 
t ions and fuels used. 

The production combustor data were obtaned with “F-5624A, sade Jp-4, fuel 
at p2Yf”thottle  altitude  conditions. A motor-driven fuel  valve that produced fuel 
input C h a n g e s  (with time) of varying slope and magdtud&was employed. The combustor 
fue l  flows, temperatures, and pressures were recorded by fast-response  instrumenta- 
t ion that provided a continuous recording of these variables with time during the fuel 
transients. The system was s im i la r  t o  recording  procedures for  the fUn-SC&-engine 
data. Oscillograph  records  typical of those  obtained  with  the  proauction  conbustors 
are presented in figure 52. 

The first investigation i n  the series ueed a J35 combustor with a dual-entry 
duplex fuel nozzlem  (ref. 31). Eats =re  obtained at the two simulated-altitude - 
rotor-speed  conditions of a 25,000-foot alt i tude with 70-percent rated rotor speed 
and a 50,000-foot alt i tude with 70-percent rated rotor speed. second in   the  se- 
ries  studied  the  effect of axial position of the combustor l iner  with  respect t o  the 
nozzle  using the same combustor and fue l  nozzle operated at the same alt i tude - rotor- 
speed conditions (ref. 32). In the tbird iwestigation, a 347 combustion chamber and 
four different  fuel nozzles were used (ref. 33). ~ a t a  were taken at conditions simu- 
lating 35,000- and 45,O-foot  al t i tudes at 58-percent rated  rotor speed. 

Results obaerved with  the J35 engine and the dual-entry hplex nozzle shoved 
that combustion may follow OM of three transient response paths as a result of Fn- 
crease i n  fuel-flow rate: (1) successful  acceleration  with  susWned burning at 
higher Levels of temperature,  pressure, and fuel-air   ratio;  ( 2 )  momentarily auccess- 
f u l  acceleration to bigher temperatures,  pre.ssure, and fuel-air ra t io  followed by 
combustion blow-out; and (3) iaanediate cessation of buruing  without any temperature 
or  pressure r i s e .  

In paths (1) and ( 2 ) ,  the- inlet- pressure and o u t k t  temperature f i r s t  de- 
creased and then  increased  with an increase i n  fuel-flow rate. ‘ I b i s  initial dip i n  
temperature, or  the time necessary for  the temperature to  recover t o  i ts  initial 
value at the. start of the acceleration, averaged about 2.0. ~econds at an al t i tude of 
50,oOO fee t  and 0.2 second at an alt i tude of 25,ooO fee t  at comperrable engine rotor 
speeds. A temperature and pressure  dip of such short  duration as th is  would probably 
have little effect  on the engine speed, but i f  the engine control uaed turbine-inlet 
conditions as an indication of tbe amount of fuel recpired during acceleration, too 
much f u e l  input night possibly be eupplied, forcing-the combustion fart;her toward 
rich-limit blow-out . Even at sea-level  static  conditione, delay times of about 0.03 
aecond were observed in  acceleration tests of 811 engine; these delays consisted of 
time for fuel transport and the combustion process (ref. 27). The delay was listed 
as one of the factors making proper engine control difficult. 

Typical data from oscillograph  records  obtained at the simulated-35,WO-foot- 
alt i tude  test   condition  for the 347 combustor are presented in   f i gu re  53. The 
variations of fue l  flow, combustor-outlet  temperature (as indicated by a single com- 
penaated thermocouple), and combustar-idet s t a t i c  pressure during accelerations  with 
each of the  four nozzles are  sham. Similar response paths w e r e  obtained i n  both the 
547 and 535 cmBustors with  the “ e n t r y  duplex nozzle. In  figure 53(a), the 
two  run^ correepond ta response paths (1) and (3) pre~Lously l isted.  w response 
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characterlatics  Kith the other  three nozzles, a singk-entry duplex and two simplex, 
were different. Combmtor-outlet  temperatures and inlet-static  pressures a d  not 
follow the dip and r i s e  pattern  in response t o  added fuel; during successful accelera- 
t i o m  they increaaed immediately. However, response lag wag sti l l  preaent, since the 
temperature and p r e s m e  did not respond as rapidly as the fuel could be added with- 
out blow-out. A t  a 35,000-foot simulated alt i tude with the fuel added i n  0.12 sec- 
ond, the time required t o  reach the final temgerature varied with the inavidual  noz- 
zle. The shortest ti= wae 2 seconds, and ths Longest about 10 ~econda. These re- 
sponse m s  could  account fo r  an appreciabble portion of the time required t o  accelerate 
an engine at a l t i t u d e  and probably in%erfere with the operation of control systems. 

Acceleration rate, calculated as the change i n  fuel-&ir rat io  per unit time, i s  
plotted a g 4 n s t  fuel-air   ratio at the end of acceleration in figure 54 for the 
simulated 45,000-fwt-altit~de - @-throttle condition. These data were obtained 
in the J47 cambustor operated  wlth four fuel  mzzlee  (ref.  33). The range of steady- 
state rich-blow-out fuel-air rat ios  is included on the figure. Uheuccessful accelera- 
t ions were observed with  the  dual-entry duplex nozzle. (A Ilne 1s faired through the 
data t o  repreaent limits of EUCCeSSfd acceleration.)  Acceleration Urnits were found 
with  the  dual-entry duplex nozzle in both  the 335 and J47 colllbustors. However, no 
limits were observed in the 535 canbustor when the nozzle was retracted  until  the noz- 
z l e   t i p  was flush rlth the contour of the liner inner dome wall (ref. 32). 

No unsuccessful accelerations were found with  the other three nozzles i n  the 
range of conditions  investigated,  except when the fiu8.l fuel-air rat ios  were xlthin 
the  steady-state rich-blow-out  range (fig. 54) .  For successful  acceleration, then, 
the final fue l - a i r  ratio  after  acceleration must always be beuw t h e  steady-state 
rich-blow-out Ilmits. 

Photographic  evldence was preaented that shared the --entry duplex nozzle 
ceased  flow output fo r  about 0.03 t o  0.04 second immediately after the start of the 
acceleration; the other  nozzles had no such interruption (ref. 33).  he unsuccess- 
ful accelerations and  "dead time" response observed with t h i s  nozzle were attributed 
t o  t h i s  flow interruption. The fact that 110 UnSUCCeSefUl accelerations were found 
when the nozzle w88 retracted was attributed  to  Increasing fuel wash on the liner walls. 93s larger amount of fuel wash acted aa a reservoir during acceleration whlch 
counteracted the fuel  interruption  efTects. It was suggested that combustion failups 
during high-altitude acceleration cannot be attributed to tpanaient flow effects on 
the a b i l l t y  of the combustion process t o  produce temperature rise, but are due t o  
rich-blow-out limitation  or  diacontinuity in fuel delivery, which is a function of 
the Are1 nozzle waed. Th3.13 conclu6ion La supported by the Laboratory burner data 
discussed p r e d o u w  (ref. 30). 

Steady-state  canbustion-efficiency perf'ormance before acceleration vas shown 
t o  be no reliable  cri terion for judging transient performance, because tfbe b e a t  ef-  
ficiencies were obtained  with  the'dual-entry  nozzle which  gave the  uneucceesful  ac- 
celeration data. 
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I n  aurrrmary, then, combustion failures during acceleration axe not due to  tran- 
sient  fuel-input  effects on combuation, but axe caused by fuel-air ratios  attaiulng 
the steady-state rich-blaw-out limit's or malfunctioning of the fuel  injector s y s t e m .  
However, during  acceleration, combustor-outlet  temperatures and pressures a0 not re- 
apond as rapidly &a fuel can be added, an aspect of cmbustion behav-iar that  makes 
control of e a n e  acceleration  difficult and e f e c t s  tlae rate  of engLne acceleration c 

at high altitude. 
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According t o  the previously discussed single-combustor investigatFons, combus- 
t ion blow-out during acceleration i s  not EL transient combustion phenomenon induced 
by the  fuel change, but a steady-state  limitation. It ahould then be possible to 
predict  (with  certain assumptions) the  acceleration performance of a combustion and 
engine system with a knowledge af the Steady-BtBte fuel-&-ratio  operating  limits 
of the ccuibustor and the chsracteristics of the compressor in the  engine. 

The operating Umits fo r  a J47 combustor i n  terms of carbustor inlet-air vari- 
ables and fuel-air ra t io  s h m  i n  figure 55. These blow-out data are  reported 
i n  reference 35. The combustion parameter used &B the ordinate scale i n  figure 55 
i s  presented i n  reference 36, and it provides a colll~~lon basis to evaluate caubustion 
perfomnce of any combustion system i n  terms of inlet-air variables. The value of 
this parameter is given by temperature (41) multiplied by pressure  (lb/aq ft abs) 

sectional combustor area and inlet-air density. 
by reference  velocity  (ft/sec). TIE velocity is based on maximum cross- 

A compressor performance map f o r  an early version of the J47 e a n e  is  e h ~ w n  i n  
figure 56. Included on the  figure are turbine-inlet t o  compressor-inlet 
temperature-ratio lines; also, a part-thmttle  operating line for the engine at an 
alt i tude of 36,000 feet  (or Irigher) at a f l igh t  Mach nuniber of 0.6. By asawning that 
acceleration from any point along t h i s  part-throttle  aperating  line would follow a 
constant-rotor-speed l ine   un t i l  either surge, excessive  turbine-inlet temperatures, 
o r  combustor  blow-out limited the  increase i n  canpression ratio,  it is possible to 
establish the location of a liudting turbine-temperature l ine  and a blow-out l ine.  
The limiting  turbine line i s  determined by the  temperature-ratio  lines,  since  the 
compressor-inlet  temperature is constaut and calculable for stratosphere operation 
at a steady f l igh t  speed. The turbine limiting temperature was assumed t o  be 1600° F. 
By CalcuLating the combustion-parameter value for a given altitude and mtor speed 
eldsting on the  part-throttle line, the aperating  fuel-air-ratio range can be deter- 
mined  from figure 55. With a constant combustion efficiency assumed f o r  the  par- 
t icular  combustion-paramter  value, the temperature rFse thmugh the combustor at 
the fuel-air ra t io  causing blow-out can be located by interpolation among the 
temperaturd-ratio lines. Thie method ckm~~nds t h e  an appropriate combustion- 
ef'ficiency  value be assumed and that the inc reme   i n  compression r a t io  does not  take 
place until   the added fuel necessary for  the acceleration is injected. Becam the 
cmbustion-parameter value would increase as coupression r a t io  increased, the latter 
assumption might show the combustion envirownent t o  be more severe than it is. 

 he gesdts axe preaentea in   f igure  57  where compression ra t io  is plotted 
agdnst  corrected  rotor speed. The surge line,  part-throttle operating line,  turbine- 
inlet  tempera;ture-limit l ine,  ma blow-out-limit lines for alt i tudes of 30,000, 
40,000, a d  50,000 feet  are sham. The 30,000-foot-altitude  cQnaition is not exactly 
on the  part-throttle =ne, becausa this a l t i t u h '  i s  ~ I L W  the tropopause, but this 
divergence would not siguificantly  influence the trends observed. The barred  regions 
on the plot show the range of engine rotor speed f o r   t h e   t h e e  altitudes mere blow- 
aut would limit acceleration;  thak is, the added fue l  would reach the   s tedy-state  
fuel-air-ratio =mite before surge or a teuperature ctf 1600~ F at the turbine inlet 
would be attained. For each altitude,  acceleration at higher rotor speeds thEsn cov- 
ered by the barred region a b n g  the park-throttle line would be limited by BUrge or 
turbine  temperature. . Ichs analysis of this @icUla;r engine operating at Mach 0.6 shows that combus- 
t ion blow-out would not be encountered during acceleration at rotor speeda of 4ooo 
r p m  or  greater  until an alt i tude of at least 30,OOO feet would be reached. The 8nal.y- 
s i s  also ahoraa that ccrmbustion blow-out occurs near the surge line.  Investigation of 

showed that blow-out was prevalent above an alt i tude of  35,000 feet  and that blow-out 
aud surge occurred at the 8- values of campressian ratio. %DE blow-outs were 

L * the  acceleration ChslTLcteriBtiCS of a similar 547 engine presented i n  reference 24 - 
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observed at rotor  speeda greater than figure 57 would predict, an effect  which 
might be explained i f  the  turbine-inlet  temperature m a  allawed t o  go above 16000 F. 
Since the blow-out lines are between the turbine temperature llmitation and surge  
l i n e  at rotor speeds above 6500 rpm, blow-out would occur before surge .  From this 
analysis af one engine, this method af predicting  acceleration  characteristics would 
appear t o  be accurate enough t o  provlde a generaJ. idea of the pxformance of a psr- 
t i c u l a r  compressor-cambustor  system. 

SIGNIFICANCE OF FESULTS IR REXATION To 13EsIGN 

The results obtained from both the Singk-CcmbU6tor and fm-ECde-tUrbojet- 
engine  investigatioty -09 the effect of many variables on star t ing and acceleration 
character is t ics  reveal infoxmation which is useful to t h  engine designer. 

Fuel spray  nozzles designed t o  provik finer  atomization,  particularly at the 
low fuel flows  encountered at engine st&ing conditions, are desirable. It was 
shown that finer atomization  reduced minimum s t a r t i ng   fue l  flOW13, ignit ion spark 
energies,  ignition pressure limits, and time to spread the flare around aa engine .  
Fine atcanization i s  particularly desirable for  engine starting  conditions where pres- 
sures and temperatures are low and combustor reference  velocities are high ,  -- 
v o l a t i l i t y  fuels should be even ~ r e  f'inely atmdzed  than high-volatility fuels for 
ease of ignit ion.  

The spark energy required for  ignition  increased  with  decrease in pressure, t e m -  
perstwe, and f u e l   v o l a t i l i t y  and vlth  increase tu reference velocity. Reductiom 
i n  the spark energy required were accampllshed by shielding the spark gap f r o m  local 
high air velocity and  turbulence.  Mfferences i n  the spark energy required were 
found for d i f fe renHgni t ion  supply  systems and ddfferent cmtbustor designs. It uaa 
better t o  trad.e high spark-repetition rates at low energy per spark f o r  l o w  repeti- 
t ion  rate at high energy per spark i n  order t o  obtain lower pow input.  Size and 
weight of an igni t ion s y s t e m  limit the mximum spark energy that can be obtained prac- 
tically (apprdmately 10 j d e s ) .  

The use of chemicals for   ign i t ion  appears a t t rac t ive  Bince a large quantity af 
energy  can be provided a smaU quantity of chemicaL. .Testa  with aluminum boro- 
hydride illustrated that excellent  ignition limits a m  attdnablej however, many 
injector-design and log is t ic  p r o b l e m s  have not been studied. 

The a l t i tude  limits of fLame propagation  through  cross-flre  tubes ou ~ n g i w s  
requiring t h e m  increased with incresse i n  tube diameter, fineness of fuel atomiza- 
tion, and fue l   vo la t i l i ty .  I n  addition, there was an optimum position of thG 
crosa-fire  tube i n  the combustor. 

The function of' a turboJet-engine  control syatem i s  t o  assure engine  operation 
at optimum set t ings of a l l  engine variables during steady-state and traaaient condi- 
tions.  Fuel  input and engine variable components are controlled  with  cansideration 
f o r  engine performance and safety factors. !Fhe three ms;tn factors l i ~ t i n g  the ac- 
celeration rate of an engine are compressor instabil i ty,  combustion blowat ,  and 
maximum allowable turbine-inlet temperature. Several relatlotu have been established 
i n  full-scale-engine transient studies. IPransieut compressor mrge correlated with 
steady-state aurge and also with transient combustor blow-out ?or one particular en- 

speede  and high a t i t u d e s .  The time required for acceleration i s  lese  at high f l i g h t  
speeds and can be decreased by empldylng variable-area exhaust nozzle. 

gine. Acceleration  (as LLmited by g-ge antl b1W-d)  i s  - cr i tFcal  at law rotor 

Several combuaticln charw3eriSt;ics  influence engLne acceleration. TIE amaunt 
of temperature rise available for  acceleration all b3 limited at high altitudes 
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near the steady-state operational limits of the engine. Cambustor temperature and 
pressure decreases observed. at the begiming of fuel acceleration with one fuel- 
nozzle-combustor combination may result  in excessive fuel  input by the engine con- 
t ro l .  With &ll the nozzle-combustor combfnations imrestigated, lag in temperature 
and pressure responses were observed which would hmqper engine control  operation. 
These lag tims were sufficient to account far an agpreciable  portion of the t n t d  
time required t o  accelerate EU engine at high altitude. CoaibuatFcrn failures during 
acceleration were caused by fuel- ratioa  sttaLning  steady-state rich-blow-aut 
values or  by discontinuities in fuel flow Aam the nozzles. Any chugs in engins 
component performance or operating  condition6 that would be detrimmtal t o  the can- 

- 
T 

g *  bustion envlronment -muld be reflected,  therefore, i n  poorer acceleration perfannance 
0 of the combustor. 
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Figure 14. - Effect of d i e n t  temperature on m F n i m u m  
starting fuel flow in sfngle 533 canbustor at three 
engine speeds. Sea level; flight Mach number, 0; NACA 
fuel 49-162 , fixed-area f u e l  nozzle; spark energy, 
constant (aata. frcan ref .  1) . 
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Temperature, 9 

Figure 15. - Effect of combustor-Inlet air and fuel temperature on minimum spark 
energy required for  ignition of six f ie la  of m u r e n t   v o h t l l l t y  characterletlcE,. 
SFmulated 533 engine cranking speed, 9 percent of normal rated speed; static 8e8- 
lwel cmditionej air flov, 1.38 to 1.68 pound6 per second per square foot; 
c m h t o r - i n l e t  total preesure, 31.3 to 31.6 inches aC mercury absolute; 10.5- 
gallon-per-hour, fixed.-srea f u e l  nozzle; -king rate, 8 spark6 per second (ref. 4). 
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Flgure 16. - Effect of engine 3nlet-air and fuel temperatures on altitude 
igattion l i m i t s  of turbojet engine (ref. 5). 
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Figure 17. - Effect of altitude on m i n i m u m  starting f u e l  
flow in s-e 533 cambwtw st three engine speeds. 
Flight Mach number, 0.6; mACA fuel 49-162; f ked-a rea  
fuel nozzle; spark energy, oonatant ( d a t a  f’rcan ref. 1). 
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Figure 18. - Effect of &-flow rate and pressure on q a r k  
energy recpuired for ignition in single tubular J33 conibue- 
tor. Inlet-air temperature, -100 F; inlet-fuel temperature, 
-400 F3 grade JP-3 fuel (NACA fuel 50-174); variable-area 
fuel nozzle; s@aFking rate, 8 sparks per second (ref. 2). 
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Figure 20. - Minlmun spark energy required for ignit ion 8 8  function of 
cambustor-inlet  pressure and velocity. Cdustor-inlet alr teqperature, 
-loo F; canbustor-inlet fuel temperature, -40° F; grade Jp-3 fuel (NACA 
f’uel 50-174); variable-area fuel nozzle; sparking rate, 8 sparks per 
second  (ref. 4). 
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Figure 22. - Effect  of spark energy on altltude  Ignition limits of fUll-BC8k engine at flight 
Mach number of 0.6 (ref. 5). I 
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Figure 23. - Effect of flight Mach number on altitude ignit ion limit 
of turbojet engine using 10,000-volt capacitance ignition unit (ref. 5). 
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Figure 25. - Effect of fuel  spray.nozzle on spark energy required f o r  Ignition 
in single  tubular combustar. Air flow, 1.87 pounds per second per square foot; 

p e r  second (ref. 9). 
ln le t -a ir  and fuel  temperature, loo F; NACA fuel 51-192; sparking rate, 8 sparks 
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A.S.T.M. 15-percent evaporated Fuel 
temperature, OF 

Figure 26. - Minimum spark energy required i n  single 533 
combustor for   ign i t ion  of six fuels as  function of 15- 
percent  evaporated fuel temperature at several cambustor- 
i n l e t  air and fuel temperatures. Simulated engine  cranking 
speed, 9 percent of normal rated speed;. static  sea-level con- 
ditions; 10.5-gallon-ger-hour, fixed-area fuel nozzle; 

. sparking mte, 8 sparke per second (ref. 4)  . 
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Figure 28. - Effect of two grades of fuel on d t i tude  ignition 
characteristics. Fuel temperature, a m m t e u  5 0 ~  F; -.ne- 
inlet  air temperature, a p p r b t e l y  o0 F; altitude, 45,000 feet 
(d.at8 from ref. 6). 
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(a) w e  with sdal-flow compressor and duplex 
fuel nozz1eeS (ref. lo). 

Figure 29. - W e c t  of fuel volatility on altitude 
i w t i o n  m t s  of turbojet engtne. 
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(b) Engine with axial-flow compressor aad variable-area fuel nozzles 
(ref. 5). 

Figure 29. - Continued. Effect of f u e l  v o l a t i l i t y  on altitude 
ignition  limits of turbojet engine. 
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(c)  Engine with centrifugal-flow  compressor (ref.  13). 

Figure 29. - Concluded.  Effect of fuel  volatility  on 
altitude  Ignitton  limits of turbojet engine. 
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Spark-repetition  rate, SparkS/SeC 

Figure 30. - Effect of apark-repetition rate on minimum combustor-inlet 
pressure for igni t ion in slngle J33 combustor  at  three  air-flow  rates. 
Air and fuel terqperature, -10' F; NACA fuel 51-38; variable-area fuel 
nozzle; spark energy, constant  (data from ref. 16). 
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(a) Effect of spark-repetition rate on spark energy  requirements. 

Spark-repetttion rate, spaxks/sec 

(b) Parer  required  for  ignition at various spaxk energies. 

Figure 31. - Spaxk energy and power-  required f o r   i g d t i o n  in  f ull-sca3-e 
engine at various  spark-repetition rates (ref. 5). 
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Figure 33. - Comparison of combustor ignition energy requirments 
in single tubular J33 combuator w f t h  two ignition systems. Air-gap 
ignitor; inlet-air and fuel temperature, loo F; NACA f'uel 50-197; 
lO.S-gallon-per-hour, fixed-area f u e l  nozzle (ref. 9). 
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Figure 34. - Ignition energy requirements of single tubular J33 
combustor. Low-loss ignit ion system; inlet-air  and fue l  tenperatme, 
100 F; NACA fuel 50-197; sparking ra te ,  8 spsrlrs per second (ref. 9 ) .  . 
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(c) Effect of air Plow at._apark gap.  10.5-Oallon-per-hour, fixed-area fue l  
nozzle. 

Figure 34. - Concluded. Ignltlon energy requirements of elngle tubular J33 
aombuator. Lon-loan Ignition system; inlet-air and fue l  tem erature. loo F; 
NACA fuel  50-197; sparking rate,  8 apark6 per eecond ( r e f .  97. 
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Figure 35. - Comparison of ignit ion limits Of 
single tubular .J33 c d u s t o r  with  nolrtriggered 
and triggered surface-discharge  ignitors and 
w i t h  reference air-gap ignitor.  Triggered 
ignition ey13tem with barr€er gap; inlet-& and 
fuel t e q e r a t u r e ,  l@ F; KACA fuel 50-197; 
10.5-gallon-per-hour, fixed-area fuel nozzle (ref. 9). 
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Figure 36. - Comparison of combustor Ignition energy requirements for several 
experimental Ignitors. Inlet -a ir  and fuel temperature, loo F; NACA f u e l  50-197; 
lO.S-gallon-peP-hour, fixe&-ea fuel nozzle (data frcm re2 . 9 ) .  
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Figure 37. - Effect of spark-gap immersion depth on ignition  energy  requirements 
of s ing le   t ubu la r  333 comb6stor. b w - l o a s  i g n i t i o n  system; air flow, 3.75 pounds 
per  second  per  square foot; i n l e t - a i r   and  fuel temperature, loo F; HACA f u e l  50-197; 
lO.S-gallon-per-hour, fixed-area fuel  nozzle; aparking Fate, 8 aparks per  second 
(ref. 9 ) .  
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Figure 38. - Effect of spark-gap immersion on altitude ignit ion 
limits of turbojet engine (ref. 5). 
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Figure 41. - Effect of cross-fire-tube diameter on flame propagation 
U t s  of turbo.let &ne with variablearea fuel nozzles and standard 

Figure 42. - BTfect of cross-fire-tube location on flame propagation 
limits of turbojet engine with 8-inch-diameter cross-fire tube6 and 
variable-area -1 nozzles (ref. 5) .  
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Flight Mach number 

Figure 43. - Effect of three types of f u e l  nozzle on flame 

propagation M t s  of turbojet  engine d t h  Lruch-diameter 
cross-fire  tube8 i n  standard location (ref. 5). 
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Figure 44. - Effect of f u e l   v o l a t i l i t y  on flame propagation 
l b i t e  of turbojet  engine. Cross-f ire-tube diameter, 7/8 inch; 
standard engine location;  variable-area fuel nozzle (ref. 5). 
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Figure 46. - r y P l c s l  altitude acceleration in 547 engine. Grade Jp-1 
fu0l. 
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Figure 87. - Effect af f l i g h t  Mach number on acceleration  in 347 engine. 
Altitude, 40,000 feet; grade JT-I fuel. 
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Figure 48. - Comparison of soaeleration times with varlable-arEa nozzle and constant-area 
nozzle for thrust-selector bursts  from 10 to 90 degrees. Flight Mach number, 0.19 (ref. 24). 
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(a) Dualentry duplex nozzle. 

Figure 53. - Compsrison of combustor-outlet temperature 
and combustm-inlet static-pressure  responses to fuel  accel-  
eration  with four f u e l  nozzles. Simulated al t i tude,  35,000 
feet ;  rotor speed, 58 percent of rated; 347 conibustor (data 
fr.om ref. 33). 
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(b) Single-entry  duplex  nozzle. 

Figure 53. - Continued. Comparison of combustor-outlet temperature 
and conbustor-Inlet   s ta t ic-pressure  responses   to   fuel   accelerat ion 
w i t h  four fuel nozzles. Simulated a l t i t ude ,  35,000 feet; rotor  speed, 
58 percent of rated; 547 combustor (data f’rom ref. 33). 
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F i g u r e  53. - Continued. Comparierrn of conibustor-outlet temperature and 
combuetor-inlet static-pressure responses  fuel acceleration with four 
fue l  R O Z Z ~ B .  Simulated altitude, 35,ooG feet; rotor speed, 58 percent- of 
rated; 547 combustor ( d a t a  from ref. 33) . 
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Figure 53. - Concluded. Cornpariaon of coldbustor-outlet temperature and 
combustor-inlet  static-pressure  responaea to fue l  acceleration with f o u r  
fuel nozzles. Simulahd altitude, 35,OOO feet; rotor speed, 58 percent of 
rated; J47 combustor (data from ref .  33). 
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of rated; J47 coBibuetor (ref. 33). 

6) 
W 

d 

. 
L 



. 
. 

. 

Fuel-air ratio 0 

c 



. . .  . .  .. .. - . - . . -. . . . . . .. . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . 

I 

I 

.. .. 



. 

L 

s 

115 

. 

Ld 
0 

P 
(d 

Lo 
rl 
u 1 u 

0 

Caapressor surge line 
7 I I I >  

Corrected engine rotor speed, rpu 

Figure 57. - Comparison of combustor acceleration bbu-out limits  vith campreseor surge end 
turbine temperature Units for early 347 turbojet engine. Mach number, 0.6; canbustion 
efficiency range assumed, 75 to 95 percent. 



. 

. 

. 

. 



W A  RM E53228 

c 

a 

4 

4 

By EXimund R. Jonash  and Henry C. Barnett 

INTR3DUCTIOH 

Combustion must be maintained in  the  turbojet-engine cambustor over a wide range 
of  operating  conditions  resulting frm variations in required  engine thrust, flight 
alti tude,  and f l i g h t  speed.  Furthermore,  combustion must be  eff ic ient  in order t o  
provide the maximum a i r c r a f t  range. Thus, two major  performance c r i t e r i a  of the 
turbojet-engine combustor are (1) operatable range, or  combustioa limits, and (2)  
cambustion efficiency. 

Several fundamental  requirements for   eff ic ient ,  high-speed  combustion are  evident 
from the  discussions  presented i n  chapters Ip t o  V. The fuel-air r a t i o  and pressure 
in   t he  burning zone must lie within  specific limits of flammability (fig. III-LG(b)) 
i n  order  to have the mixture igni te  and burn  satisfactolrlly. increases i n  mixture 
temperature w i l l  favor  the  flammability  characteristics (ch. In). A second require- 
ment in maintaining a stable flame is that low local flow velocit ies  exist  in the com- 
bustion zone (ch. V I ) .  Flmlly, even with these requirements sat isf ied,  a flame needs 
a cer ta in  minirmrm space in which t o  release a desired amount of heat,  the  necessary 
space  increasing with a decrease in pressure (ref. 1). It is apparent,  then, that 
combustor design and operation must provide for (1) proper  control of vapor fuel-air  
ra t ios   in   the  combustion zone a t  o r  near stoichiometric, (2) mixtyre pressures above 
the  minimum flsnnihability pressures, (3) lar flow veloc i t ies   in  the  combustion zone, 
and (4) adequate  space f o r  t he  flame. 

It is desirable  to  consider how the  operation and the  design of current  turbojet 
combustors match these fundamental combustion requirements. Because of turbine-blade 
temperature  limitations,  over-all fuel-air ratios  considerably  leaner than stoichio- 
metric must be maintained in the turbojet combustor; because of  the  high  propulsive 
thrust per unit ffontal  area required, combustion-chamber velocit iee of 100 f e e t  per 
second or greater must be tolerated; and because of aval lab i l i ty  and handling con- 
siderations,   l iquid hydrocarbon fuels that require  vaporization and mixing with  the 
a i r  pr ior   to  combustion must be used. Combustor design  alleviates  the f i r s t  two 
problems, velocity and fuel-air   ra t io ,  by allowing  approximately 80 percent of the  
air t o  bypass the  combustion zone, thus providing for Lower velocit ies and  higher 
fuel-air   ratios  within  the  combTtion zone. In addition,  considerable  turbulence, 
which increases the  flame surface area and  hence the  effect ive flame velocity (ch. V), 
is generated i n  the combustion zone by means of swirling-air  entry ports and pen- 
trating air jets. Heating the fuel-air sure to  i t s  ignition  temperature is aided 
by recirqulating  high-temperature  exhaust  gases  into the fresh charge.  Vaporization 
of the l i qu id   fue l  is aided by pressure atomfiing  nozzles or by any of a number of 
fuel  prevaporization met&& that are currently  being used. 

The design of curren t   tu rboje t   cdus tors  has not  completely satisfied the 
fundamental requirements f o r  complete  combustion a t  a l l  conditions of operation. 
Moreover, attempt-s t o  EQSWET the  ever-pressing need for  greater  heat-release rates 
from smaller combustors i n  shorter  lengths and over wider ranges of operating con- 
ditions result i n  incomplete  combustion or  f l a m e  blowout under certain  conditions. 
Performance trends  typical of those_-'observed i n  Current  turbojet  engines are shown 
i n  figure 58. Combustion efficiency Fe plotted  agafnst   the engine speed corrected 
t o  stanasrd sea-level  ccKditions N/@, where H is the engine rotat ional  speed 
and 8 is t he   r a t io  of engine- inlet   to ta l  temperature t o  HACA etandard sea-level 
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stat ic  temperature. Since  the  value of f l  does not vary greatly from unity far the 
range of conditions S~OWII the  abscissa  scale is a close  representation of the actasl 
engine rotat ional  speed.  These data, which w e r e  obtained in full-scale engine tests .. 
a t  simulated a l t i tude   conditio^ (ref .  2 ) ,  show that combustion efficiencies  decrease 
w i t h  a decrease in englne rotat ional  epeed, with  an  increase i n  altitude, and with a 
decrease i n  f l i g h t  Mach number. A t  high-altitude  codltione,  efficiencies as low ae 
50 percent w e r e  encountered., representing a very  considerable loss in a i r c r a f t  range. 

1 

The problem of combustion l imits  encountered Fn some engines a t  high altitude is 
i l lus t ra ted  in Pigure 59 (ref .  3). The curve represents an altitude  operational 
limit imposed on t h e  engine by the  inabi l i ty  of the  combustor t o  release  eufficient 
heat t o  dr ive  the engine at  the  required  canditione. Altitude operation of the engine 
is  severely limited, mrt icu lar ly  atlow engine  speeds. 

Two major tasks canfronting  deeigners of turbofet combustors a r e  (1) optimizjng 
the  design for a particular engine and f-ht qp l lcakion  and (2) predicting the 
f l i g h t  performance of the design. The solutioni  to  both problems require an under- 
standing of  the  effects of the  Miviaual operating and design  variables on perform- 
ance. Thb chapter treats these w e b l e e  in .some detail. The effects of inlet-air 
conditions, fuel and gir admission c h a r a c t e r i s t i c ~ , l ~ ~ - ~ e n t a l  combustion char- 
ac te r i s t ics  on performance are  cons@ered. Although these  variables have been rec- 
ognized for some time, their   in terrelated  effects  on performance cannot yet  be ex- 
pressed  quantitatively. As a result, combustor design remains, t o  a large  extent, 
an ext. Approximate methods that have been  developed t o  relate  effectB of operating 
variables ahd t o  estimate  the performance characteristics  of a given combustor a r e  
described in  this chapter. 

FZFECT OF EElTTE OPERATING VARLclBLEs ON CQMBUSTIDH 

E F F I C r n Y  Am m m  

Among the primsry  engine operating variables affecting combustion efficiency 
and s t a b i l i t y  ere combustor inlet-air  pressure, @let-aFr temperature, inlet-air 
velocity, and fuel-& ra t io .  The degree t o  which these  variables  influence perform- 
ance i n  different .turbojet engine8 may vary, but  the trends observed are reasonably 
uniform f o r   m e t  engines. -om the  large amount of data accumulated during the  past 
several   years,   representative  results  are  presented  here  to  i l lustrate  the  effects of 
these variables on combustion efficiency and s tab i l i ty .  llhis section ie concerned 
only  with performance data obtained  with liquid fueb i n  atomizing-type annular a d  
tubular combustors. Combustor performance characteristics  with vaporized fuel. are 
treated In a later section that considers  the effects of fuel varLables on engine 
performance. 

Combustor Inlet-& Pressure 

The effect of combustor inlet-ai r  pressure on cambustion efficiency is sham in  
figure 60(a) f o r  data obtained in t w o  a f f e r e n t  combustors (refs. 3 and 4) at  
constant  values of i ae t -a i r  temperature,  reference  veloctt.yl, and fue l - ab   r a t io .  
These and other  data show conclusively that decreases in combustor pressure  caw6 
significant  decreases in efficiency. For W f e r e n t  ccanbustars the shape of the 
curves is reasonably  consistent,  but  the  pressure a t  which s i g n f f i c b  losses  in 
efficiency  occur xill Wry, a8 i l lus t ra ted  by the  two curves in figure 60[a). 

' M e a n  combustor air velocity baseU on density a d  flow r a t e  of inlet a l r  and 
maximum combustor crosa section. 
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Also, u i t h  more or  less  favorable  conditions of inlet temperature,  reference  velocity, 
and fuel-air   ratio  than  those used for  the  data in the  f igure,   the curves may be  dis- 
placed t o  higher or lower values of combustion efficiency and t o  lmer or  higher  val- 
ues of preoeure. The decrease in  efficiency  with  decreased  pressure may be a t t r i b -  
uted  to any of several fundamental factors involved..  For example, the volume required 
for the  flame  increases (ref. I) and the  flanrmability  mixture  limits  decrease as pres- 
s u e  is reduced  (ch. 111). These and other  factors are discussed  further in a 
la te r   sec t ion  of this chapter. 

Studies  reported in chapter III and c i ted   ear l ie r  in this chapter shou the  ex- 
istence of pressure  flammability limits that define  pressures below which combustion 
cannot be  sustained. In turbojet  combustors, R decrease in combustor pressure causes 
decreases in  efficiency, as sham in figure  60(a); 88 lower and lower pressures 
are imposed, the combustion process pass- through a phase of  instabi l i ty ,  and even- 
tual ly   the flame is completely  extinguished. Although the  particular  range of  oper- 
ating  conditions  represented by the  curves of figure m(a) did  not   resul t   in  flame 
blow-out, it can  be assumed that blow-out would occur a t  pressures  not Car below the 
lower limits of the  curves  sham. In any case, the larer pressure limit of a turbo- 
Jet  combustor always occurs at a pressure  considerably  higher  than  the  flammability 
pressure limits (about 1.0 lb/sq  in.  abs)  presented i n  figure III-16. This f a c t  may 
be  a t t r ibuted  to   the very  great  difference between the   s t a t i c ,  homogeneous fuel-air- 
mixture conditions  represented by the data of  f igure  XI-16 and the dynamic, hetero- 
geneous s i tuat ion  exis t ing  in .a   turbojet  combustor. 

Combustor Inlet-kLr Temperature 

In general,  the  effect of a decrease in combrntor-inlet temperature on combus- 
t ion  efficiency is s M l a r  t o   t he   e f f ec t  of a decrease in pressure.  Representative 
trends are illustrated in   f i gu re  60(b) for   the aame combustors.-used to obtain  the 
data of figure  Sa(a). These data, which were obtained at constant values of 
inlet-air  pressure,  velocity, and fuel-air   ra t io ,  show tha t  combustion efficiency de- 
creases a t  an  increasing rate as   the inlet temperature b decreased, par t icu lar ly   in  
combustor A. 

The effect  of combustor inlet-air temperature on combustion efficiency is in 
part associated  with  the problem of evaporating  the  fuel i n  the combustion chamber. 
Chapter I shows that the  rate of evaporation of a liquid  fuel  spray  increases  with 
approximately the  fourth parer of the  a i r  temperature (fig. 1-22). In addition,  in- 
creased  temperature  favors  fundamental combustion reactions, as evidenced by in- 
creased f l a m e  speed  (ch. N). 

Combustor Met-- Velocity 

‘Pypical variations of cornbustion efficiency  xfth  reference  velocity are illus- 
trated by the data in figure 60(c), which were obtained at constant  values of 
inlet-air  pressure,  temperature, and fuel-air   ra t io .  Combustion efficiency  decreases 
rapidly  with  an  increase in veloci ty   in  combustor A; increases in velocity beyond 
about 105 f e e t  per second would probably result i n  flameblow-out. In the  range  of 
velocities  investfgated, combustion efficiency of combustor B was l ess   sens i t ive   to  
variations in  veLpcity  than was tha t  of combustor A. For combustor B, increases in 
velocity first increased and then  decreased combustion efficiency. The decreased 
combustion ef?iciency  encountered at low ve loc i t ies   in  combustor B occurs in many 
combustors and is  at t r ibuted,   in  many cases, t o  impaired fuel-spray  characteristics 
obtained  with some fuel-injection nozzles a t  the  low fuel flm attending low a i r  
velocitFes. Generally, this phenomenon is  encountered at “off-design”  conditions 
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only, that-e, a t  velocities  considerably below those  encountered in actual  engine 
operation. The decreaee i n  combustion efficiency a t  high  velocity  encountered x i t h  
cmbustors A and B may be aseocL~ted with the decrease in  residence  time of the fuel- 
air mixture in the combustion zone. However, other  factors can be  Involved; for ex- 
ample, variations of the fuel-air mix- characteristics  with  velocity. 

The effect  of velocity on combustion efficiency may be assumed t o  be  genera- 
represented by the  curve of combustor B. Thus, there l s  an optimum value of velocity 
f o r  a l l  combustors. The normal operating  ranges of Qifferent conibustors may, huwever, 
be limited. to   d i f f e ren t  p a r t s  of this  general  curve, depend-  upon combuator design 
and other  operating parameters. 

Fuel-Air Ratio 

The effect8 of fuel-air r a t i o  on cambustion efficiencies  obtained  in cornbutore 
A and E are shown in figure 60(d).  Each conibustor was operated at conditions of 
conatant combustor inlet-air  pressure,  temperature, and velocity. Combustion effi- 
ciency in  combustor A first increased and then  decreased  xith  increased  fUel-Eir 
ra t io .  Combustion efficiency in combustor B increased with fuel-air r a t i o  throughout 
the r a a e  of fuel-air r a t i o  investigated. The fuel-a*-ratio curves of figure 
60(d) eventually  terminate  in  the  "lean" and "rich" blow-out limits of the com- 
bustor.  Additional exsmgles of the  effects of f u e l - a i r ' r a t i o  on combustion efficiency 
may be found i n  references 5 and 6. 

The decrease i n  combustion efflciency a t  low fuel-air ra t ios   ( f ig .  60(d)) 
is normally associated  ni th   insuff ic ient  fuel vaporization resulting from poor fue l  
atomization a t  l o w  flow rates; thus,  liquid fuel might be germitted  to flow through 
the combustor without  burning.  Actual  observation and sampling of exhaust  gases from 
combustors has, i n  fact ,  indicated the presence of liquid fuel droplets. In add.i- 
t ion,  of course, lox =-all fuel-air r a t io s  may result in pockets of fuel-air  mix- 
tures in the primary zone that axe  too  lean t o  burn. . The decrease in   eff ic iency a t  
high  fuel-air   ratios is frequently  associated  with overenrichment of the combustion 
zone result ing from high fuel-flow rates and improved atomization and vaporization of 
the  fuel. Depending on t he  combustor and, particularly, on injector  design charac- 
t e r i s t i c s  and operating  conditions, combuetion efficiency may be m r e  or l esa   semi-  
t i v e   t o  fuel-air rat io   than  the curves of figure  N(d)  Indicate.  F'urthermore, i n  
operating a pa r t i cu la r  combustor i n  a particular engine, only cer tain parts of the 
more general  curve (conibustor A )  may apply. 

Analysis of Engine Performance Characteristics 

It was noted In connection with figure 58 that cambustion eff ic iency  in  a 
full-scale  turbojet  engine decreases with (1) an  increase i n  a l t i tude,  (2 )  a decrease 
i n  engine  speed, and (3) a decrease in  f l l g h t  Mach number. The variations in  
combustor-inlet  parameters  (pressure,  temperature, and velocity) that occu   v i th   t hese  
changes i n  engine  conditions  are  discussed in chapter X. Figures 3(a),  3(b) ,  6, and 
7 (a) indicate' that both combustor inlet-ai r   pressure and temperature always de- 
crease  with  the  variations in engine  operating  conditions  noted  previously  that  cause 
a decrease in combustion efficiency. These t rends are consistent  with  the data pre- 
sented i n  figures  60(a) and (b).  Further  examinstion of the data of' figures 3 ( c )  ind 
7 ( c )  indicates   that   the   var ia t ions  in  conibustor velocity (1) are   re la t ive ly  small 
and (2) do not  exhibit any well-defined  trends w i t h  the observed combustion efficiency 
(fig. 58). Figure 60(c) shows tha t  combustion efficiency can either  decrease 
or  increase  with  an  increase i p  velocity. These comparisons do, of course,  neglect 
a t  can  be  very  important effects of fue l -a i r   ra t io  on combustion efficiency. 
Particularly  large  variations in fuel-air   ra t io   occm  with  var ia t ions  in  engine  speed. 

L 
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AE a l t i tude  is increased, a turbodet  engine may approach an alt i tude  operational 
limit (fig.  59). A t  any engine  operating  wndition,  the combustor must furnish a 
certain  required  temperature  rise (ch. X). The a b i l i t y  of a combustor t o  supply high 
values of temperature rise is l i m i k e d  either by rapidly  decreasing combustion effi- 

expected,  then, the maximum temperature rise obtainable  with a combustor u s u a l l y  
varies in much t h e  8-e manner as does  combustion efficiency. The data of reference 
3 show a decrease in  maximum temperature rise with a decrease in temperature  or  pres- 
sure and, generally,  with  an  increase in velocity. Figure 61 shous the   re la t ion 

a l t i t u d e  a t  a constant  engine  rotatiom1 speed.  Although the temperature r i se   re -  

available temperature rise decreased rapidly with as incr&se in altitude. The al- 
titude a t  which the two curves cross  (about 32,000 f t )  represents the Operational 
limit of the engine. 

s ciencies at high  fuel-air   ratios  (f ig.  60(d)) or  by flame blow-out. As might be 

w between the  maximum temperature rise and that requFred for operation  over a range of 
8 

* qui red  does not  vary  appreciably  with altitude f o r  this particular engine, t h e  
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the operating altitude of a turbojet  combustor i a  increased, the character of 
the flame changes notfceably. A t  low-altitude, high-pressure  operating  conditions, . 
'most turbojet combustor flames are a brilliant  orsnge-'yellar.  This  luminosity is due 
t o  incandescent  carbon par t ic les  suspended in the  hot gas stream. The emfssivity of 
such a flame can be of the  order of 0.8 (ref. 7 ) .  As the  operating  alt i tude is in- 
creased, a gradual t rans i t ion   to  a relat ively nonluminous blue flame OCCUTB. Finally, 
a t  conditions  near t he  operational limits of t he  combustor, varying  degrees am% types 
of f l a m e  ins tab i l i ty  appear,  frequently in the form of low-frequency pulsations. 
These pulsations are oft- accomganied by movement of the flame-seating zone along 
the  length of the combustor. Flame fluctuations  are  discussed  f'urther in a later 
section. 

EFFECT OF FUEL AND AIR ADMISSION CHARKIIERLSTICB ON COMBZTSTION 

The foregoing  discwsic)n,  indicating  the  general effects of operational  variables 
on the  l imits and efficiency of combustion in   turbojet  combustors using l iquid fuels, 
suggested  that the effects of some of these  variables are due, in part, t o   t h e  in- 
fluence of the  variables on preparation of  flammable .fuel-afr  mixtures. A number of 
f u e l  and combustor design  variables that influence the preparation of t h i s  mixture 
me considered in this section. 

In a liquid-atomizing combustor t h e  flamnabie mixture ie prepared by atomizing 
the  l iquid fuel, vaporizing  the  resulting fuel droplets, alad admitting  the  proper 
quantity of -air .  Although these  individual  processes are discuesed separately,  they 
are by no means Fndependent of one another,  nor does each  occur in a d is t inc t  zone 
of the combustor. 

Fuel-Atomization Factors 

. 

The fuel-atomization  characteristics that would be  expected t o  influence m i x t u r e  
p r e p r a t i o n  in the  turbojet  combustor a re  di .0~ s i z e  and spray  pattern. The data of 
chapter I show that t h e  rate of evaporation of a l iquid drop is directly  proportional 
t o  its diameter.  Since  the nuniber of drops i n  a given mass of spray is inversely pro- 
port ional   to   the cube of the average drop diameter, the  evaporation  rate of the  spray 
is  inversely  proportional t o  the  square of the average drop dismeter. More direct 
evidence of the  importance of drop s i z e  ie shown in figure 62 (ref.  8). The t i m e  
required to burn a single  drop of kerosene fuel increased by a factor  of 13 when drop 
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s i z e  was increased  three-fold. The second atomization  factor,  spray p a t t e r n ,  w i l l  
influence  the  distribution of the drops and, hence, local fue l - a i r   r a t io s   i n   t he  
combustion  zone. 

Atomization characterist ics.  - Atomization characterist ics are not only influ- 
enced by design of the  nozzle and by properties of t he  fuel (viscosity,  surface 
tension),  but  also vary with  operating  condition.  Figure 63 shows the  variation 
i n  flow  rate,  drop dianieter, And cone angle With noZ~zle"p~essiizie-differentla1 fo r  two 
simple  swIrl-type  nozzles. The  mean drop m e t e r  (Wuter mean diameter) was calcu- 
l a t ed  f r o m  equation (34) of chapter I. Mean drop diameter decreases with an increase 
in   pressure and, hence, with an increase in f l o w  rate. For a given pressure piffer-  
ential ,   the  use of the  smaller  nozzle  also results i n  somewhat smaller &COPE. For a 
given flow rate,  it is apparent that considerably smaller drops will be  obtained  with 
nozzles of smaller size. Comparison of the data of figures 62 and 63 indicates 
that the mean drop sizes obtained from these  nozzles would have a burning time of less 
than 0.01 second fo r   t he  condikions  represented. 

the 
the  

The cone angle  of. the  spray  (fig.  63) first increase? and then  decreases as 
flow rate is increased. At values of flow rate (and pressure)  belov  those shown, 
cone angle  decreases very rap id ly   un t i l  a "bulb" type spray  results.  Since  the 

operation of' a turbojet  engine  requires a very vide range of flow rate,  it is e v i k n t  
that, with a simple pressure-atomizing  nozzle, g twza t lon   cha rac t e r i s t i c s  w i l l  vary 
cons iderahly xit h operating  conditions. 

on 
i n  

Effects of atomization. - A typical  example of the  effect  of fuel  atomization 
the combustion efficiency of a full-scale turhofet englne ( r e f .  9 )  is presented 
figure 64. A t  the high-altitude &sing conaFtions  investigated, cnmbuation 

efficiency was reduced-as much as 25 percent as a result of increasing  the fuel- 
nozzle  capacity from 3 t o  7 gallons  per hour (nominal rstlngs of 100 lb/sq in.). 
This marked decrease i n  combustion efficiency may be attributed t o   t h e  poorer atom- 
izat ion  resul t ing from the decrease i n  nozzle pressure drop encountered  with  the w e  
of larger  fuel  nozzles.  

More detailed studiea of the effects of fuel atomization characterist ics on 
combustion  performance  have  been  conducted in  direct-connect-duct  investi  ations w i t h  
tub- and annularcombustors. Results of one af these  studies  (ref. 107 are i l lue-  
trated i n  figure 65. The variation of conibustion efficiency  with combustor tem- 
perature rise for  aviation  gasoline is sham in figure 65(a) far three fuel-nozzle 
sizes and at fixed inlet-air   conditions.  A t  low values of temperature rise  corres- 
ponding tu low fuel-flow rates, the  smallest  nozzle gave the  hlghest  efficiency; at 
high values of temperature rise, the. largest nozzle gave the highest combustion ef- 
ficiency. With a l l  "Ebi-ee liozzles', maximum-temperature-rise conditions were encoun- 
tered,  indicating  conditions of overrich  fuel-air  mixtures. The values of maximum 
temperature rise increased  with increase i n  fuel-nozzle  size. 

These data, in   add i t lon   t o  data obtained with other nozzle gJzes, are further 
analyzed in figure 65@) to  indicate  the  fuel-nozzle pressure d i f fe ren t ia l   re -  
qufred a t  the  various  operating  conditions. A t  low values of t e e r a t m e  rise,  high 
preseure  different ia ls  gave the best performance. As temperature r i s e  wae i n c r w e d ,  
however, use of the  higher  pressure differential resulted. in msxirmrm-tewerature-rise 
conditions and i n  rapid decreases i n  combustion efficiency;  wheras, with the l o w e r  
pressure  differential,  temperature rise cuntinued t o  increase  with  increased combus- 
t ion  efficiency. Thus, a cer ta in  minimum quallty of atomization, or a maximum drop 
size,  is required a t  a l l  conditions nf operation,  but it is poss ib le   to  atomize a 
fuel   too w e l l  and  thereby produce primary-zone mixtures that a re   t oo   r f ch   t o  burn. 
The use of larger  nozzles at high  fuel flows Fncreasee drcrg s ize   ( f ig .  63), the  
increase i n  turn  reducing  the rate of evaporation  and  extending  the Zone of 

I 
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evaporation  farther  damstream where additional air is being  introduced. These re- 
sults cannot be assumed t o  apply to a l l  combusfor designs,  operating  conditions, and 
fuels. With a particular.  comb-.tion of these  variables, only a part of the  over-all  
trends may be observed. 

The t?"ust range  required of a turbojet  engine results i n  wide range of fuel- 
flow rate (about 12 t o  1 in  current  engines). The use of a single  pressure-atomizing 
nozzle of the  type used in the  studies deacribd  necessi ta tes   large  var ia t ions  in  
fuel pressure and in spray  characteristics, ad s h m  in figure 63.  The data of 
figure 65 show that these  variations  in  spray  characterist ics can markedly affect 
the combustor perfornrance. A single fuel nozzle may provide  insufficient  atomization 
at low flow rates and excessive  atomization at high  flow rates. It appears desirable, 
then, to consider  the use of multiple  nozzles; of different s i z e s ,  in the combustor 
t o  ensure more nearly constant  atomization  characteristics and to  avoid  excessive 
fuel-system pressures. 

Duple& nozzles, combining the principal components of two individual  nozzles of 
different size, have  been  developed far use i n  many current  turbojet  enginea. A 
flmther development of the  duplex  nozzle is the variable-area  nozzle  (ref. ll), which 
produces a f ine ly  atomized spray  over a flow  range f r o m  about 30 t p  500 pounds per 
hour with a corresponding  range of pressure differential f r o m  about 50 to 70 pounds 
per square  inch. The nozzle was tested in a full-scale engine a t  sea-level condi- 
tions ( ref .  11) and at high-altitude  conditions (ref. E). Figure 66 presents 
combustion-efficiency h t a  obtained with a conventionQ fix&-area nozzle and with a 
variable-area  nozzle in  a full-scale engine operatfng a t  an a l t i t u d e  of 40,OOO fee t  
and a ram pressure r a t i o  of 1.00. U s e  of the  variable-area  nozzle resulted in an 
increase in combustion efficiency of approximately 5 percent a t  this particular op- 
erating  condition. By combining the data obtained  over a range of altitudes from 
s e a  l eve l  to 40,oOO feet and a range of r @ m  pressure ratios,   the curve s h a m   i n  
figure 67 w a s  obtained. These data show tha;t reductions i n  fuel consumption BE, 

large  as  16  percent w e r e  obtained with the  variable-area  fuel  nozzle,  the  largest 
reductions  occurring at low fuel-flow rates where the fixed-area nozzle did not pm- 
vide  sufficient  fuel  atomization. . 

Effects of spray  pattern. - Combustion efficiencies for a 40-gallon-per-hour, 
80°-cone-angle nozzle are compared in figure 68 w i t h  those for a 15.3-gallon-per- 
hour, 30°-cone-angle nozzle In a tubular combustor operating a t  severe  conditions. 
The combustion eff ic iencies   for  the smaller, narrow-cone-angle nozzle decreased more 
rapidly w i t h  a decrease in fuel-air rat io   than did those  obtained with the larger, 
wide-cone-angle nozzle.  This trend  indicates that leaner fuel-air ra t ios  w e r e  present 
in the  combustion zone with a narrow-cone-angle nozzle in s p i t e  of  the ffner atomiza- 
t ion  resul t ing from the  higher  attendant pressure different ia ls .  Reducing the angle 
of the  spray cone a d  increasing the pressure  differential  increased spray  penetra- 
t i o n  through the  center of the combustor without  effecting  sufficient  spreading Ln 
the upstream,  primary-combustion region. The accompanying reduction in f u e l  resi- 
dence time and the  poar mixing served t o  reduce combustion efficiency. 

The data of f igure 68 indica te   tha t  wide-cone-angle nozzles  should be used 
to   a t t a in   h igh  Combustion efficiency. The investigation  reported  in  reference 13 
shows,  however, that wide-angle fuel sprays, euch as those produced by the 80°-cone- 
nozzle,  can r e s u l t   i n  appreciable w e t t i n g  o f  conibustion-chamber warn with fuel. 
I l lus t ra t ive  data in  figure 69 indicate that ins ta l la t ion  of fuel "dams" to 
col lect  and re turn fuel films f r o m  the  w a l l  of  t h e  combustor t o   t h e  combustion zone 
improved combustXon efficiencies  significantly.  The  most pronounced effects were 
noted at l o w  mel-air rat ios ,  probably  because the power atomization a t  these con- 
dit ions induced greater wall wetting.  This  evidence indicates  that fuel depositing 
on the walls of the combustion chambers m y  pess through the combustor d t h o u t  



entering  into the combustion process and cause a loss in efficiency. I n  addlttion, 
wetting of the wall wlth  fuel has been found t o  be conducive t o  another  deleterious 
combustor characterist ic,  carbon deposition  (ch. XIII). A cer tain amount 0-1- 
wetting  occurs i n  most combustors. DepemUng ugan the  design  of  the combuator, 
varying, quantit ies of  the  liquid fuel deposited may be  reatomized by the incoming 
jets of air. 

The effect  of dist r ibut ion o f  atomized fue l   i n   t he  prlmary zone of a tubular 
combustor on combustion  performance was investigated in  reference 4. Figure 70 
presents data of reference 4 obtained  with  several  liquid  injectors using liquid 
MIL-F-5624A, grade Jp-3 fuel.  Comparison of the two atomizing  nozzles  (simplex and 
duplex) shows that the duplex  nozzle  gave  coneiderably  higher combustion eff lc iencies  
a t  low values of temperature rise snd somewhat lower combustion efficiencies a t  high 
values of temperature rise. From preceding  discussions of fuel atomization  effects, 
it m y  be concluded that the simplex nozzle did not  provide sufficient atomization 
at the  low fuel-air   ratios,   while the  auplex nozzle  provided  excessive  atomization 
a t  high fuel-air r a t i o s  and resulted i n  fuel-rich mFxture conditione. 

The other four injectors   sham  in   f igure 70 are  considered  "solid-stream" 
injectors,   since no provisione for f u e l  svirl are incorporated; a= use simple  ori- 
f ices .  Amon@; the  solid-st-  injectors,  the  highest combustion efficiencies were 
obtained  with a tube  injector  (tube B) that d b t r i b u t e d  fuel along  the  length of the 
combustor. From a comparison of3,he  performance of the  three different  tube  injec- 
tors, a noticeable effect of the  dis t r ibut ion of iajection  holes along the axis may 
a l so  be observed. An explanation far the poor  performance of the radial injector  
with l i q u i d  fuel may be the fact  that w i t h  this injector   sol id  streams of unatomieed 
fuel w e r e  Injected in the damstream d i rec t ion   a l th  too much penetration and too 
short a residence  time  for  the fuel drops. 

The preceding dbcussion shows the important effects of fuel-spray  chaxacteris- 
t i c s  on the  combustion  performance of liquid fuels.  Fuel-spray characterist ics 
are   affected not only by injector design but  a l so  by properties of the fuel and by 
the  design of the combustor. M e a n  drop s i z e  is proportional  to  surface  tension of 
t h e  fuel t o  powers from 0.6 t o  0.7 o r  less ,  add to   v i scoe i ty  of the fuel to the 
0.25 power (ch. I). Very substantial   effects of t he  air-flow currents on U u f d   f u e l  
sprays also were observed i n  investigation8  reported In reference 14. Figure 7 1  
(from ref. 14.) indicates that air  flow i n  B tubular combustor inkeased fuel atomiza- 
tion  considerably  over that observed with  the spay  in quiescent air. Other photo- 
graphic  evidence  presented in  reference 14 s h m  -that increased a i r  velocity resulted 
in  increased  fuel  atomization and distribution. Thue, it is sen&- not p x s i b l e  
t o  predict, from photographs or measurements &e in quiescent  atmospheres, the  spray 
C h f 3 r a C t e r i S t i C E  that w i l l  be  obtained  wlth a particular in jec tor   ins ta l led  in a Cbm- 
bustor. Furthermore, satisfactory methods of measurement .  of fuel-spray  characteris- 
t i c s ,  drop s i z e  and distribution, are generally  too complex t o  be readily  adaptable 
t o   t h e   a c t u a l   t u b o j e t  combustor. 

Became the end regult  of fiael. atomization,  distribution, and evaporation is the 
farmation of flammble  fuel-air m e a  in  the.  combustbn zone, the fuel-spray 
characterist ics required f o r  optimum performance depend on operating  conditions and 
combustor design. 60me combustor designs have been  evolved that minimize, t o  a l e g e  
extent,  the  effects of fuel-spray variables on combustor performance. An example of 
data obtained  with  such a design b shown i n   f i g u r e  72 (ref.  9) .  I n  an experi- 
mental annular combustor, two fuel nozzles  (capacities, 10.5 and 6 gal/hr) were 
tes ted a t  a simulated f l i gh t   a l t i t ude  of 30,000 feet,  and three  fuel  nozzle6 
(capcibies ,  10.5, 6.0, and 3.0 galjhr) were tested at 40,000 feet .  The data indl- 
cate  only minor effects of fuel-injector s i z e  on cambustion efficiency. N e a r  the 
rated speed of the engine, the  larger nozzles gave slightly  higher combustion 

c 
" 

B- 
Y) 

I 



t W A  RM E55G28 - 125 

* 
. 

efficiencies.  This  trend is  in agreement with  data presented. i n  preceding sections; 
that is ,  at the high fuel-air ra t ios  required at rated speed, t h e  finer atomization 
produced by the  smaller nozzles resulted i n  over-rich  mixtures in  the  combustion zone. 
The experimental combustor represented by these data was of the  same general  over-all 
dimensions and was tested i n   t h e  same engine as t h e  combustor repreeented by the Cbta 
of figure 64, which shows very significant effects of fuel-nozzle  size on the per- 
formance of that combustor. 

Fuel  Vaporization  Factors 

The rate of vaporization of a fuel spray is  a function of the degree of atomiza- 
t i o n  and of the   volat i l i ty   character is t ics  of  the  fuel.  It is rt lso a function of  
operating  conditions - temperature,  pressure, and velocity of the f l u i d  surrounding 
the fuel drops  (ch. I). Effects of atomization  characteristics  on combustion per- 
formance are  discussed in the  preceding  section of this chapter. Data show that there 
is an optimum degree of atomization  associated  with a particular combustor and par- 
ticular operating conditions. Fuel sprays that are either finer or coarser than t h i s  
optimum can resul t   in   too-r ich or too-lean  fuel-air-ratio  conditions and, hence, in  
decreased combustion  performance. Fuel   volat i l i ty   character is t ics  would be  expected 
to  influence combustion  performance i n  a similar =mer. That is, optimum fuel  vola- 
t i l i t y   cha rac t e r i s t i c s  may depend upon the  choice of operating  conditione and combus- 
t o r  design. 

Fuel vola t i l i ty .  - Typical  effects of fuel v o l a t i l i t y  on combustor performance 
are illustrated Fn figures 73 and 74. Coufbustion efficfency of a.n annular com- 
bustor is plotted aga ins t   a l t i t ude   i n  figure 73 for  three types of fuel varying 
from highly volat i le   aviat ion  gasol ine  to  low-volatility Diesel f u e l  (ref. 10). These 
data i l l u s t r a t e  the same trend of cornbustion efficiency a i t h  simulated f l i g h t  altitude 
that was observed i n  figure 58. The combustion efficf-enciea of  the fuels tend t o  
converge  near 100 p e r c e ~ t  at 8 low altitude, indicating that at sea  l eve l  the differ- 
ences among fuels may not be great. A t  high altitude, however, the  more vola t i le  
fuel,  aviation  gasoline,  prduces  considerably  higher  efficiencies. 

The effect  of  fuel v o l a t i l i t y  on the al t i tude  operat iqnal  lWts of an  annular 
combustor i s  illustrated in figure 74  (ref. 10). A t  engine speeds i n  excess of 
EO-percent ra ted engine rotor  speed, Diesel fuel produces the  highest altitude limit; 
at lower speeds the  more volati le  gasoline  gives higher l imits.  This resu l t  is con- 
sis tent   ui th   the  s tudies  -discussed previously in this chapter, where it is pointed 
out that a too-rapid  vaporization rate my, at  some conditions of operation, produce 
a sure too   r i ch   t o  burn. V e r y  fine atomization and rapid vaporization  occur a t  
the  higher  engine  speeds that correspond to  higher fuel flows in the engine; a t  these 
conditions  gasoline  vaporizes too rapidly, and Dieeel fuel, because of i t s  loxer 
volati l i ty,   vaporizes mre s l o w l y  and at a mre nearly optimum rate. At lar engine 
speeds the  reverse is true; that is, the fuel flow8 are low, and the vaporization 
required ie mre nearly fulfilled by the  more volati le  aviation  gasoline.  

me interrelat ion between fuel volatility and fuel-spray characterist ics is 
fur ther   i l lus t ra ted  in  figure 75. The conkustion efficiencies  obtained  with 
Diesel   fuel  and aviation  gasoline  using two nozzles of wisely d.ifferent spray  char- 
ac te r i s t ics   a re  shown. With the larger nozzles  giving  coarser  atomization a t  t h e  
same f l o w  rate, t h e  mre volati le  gasoline produced the higher combustion efficien- 
cies. With the smaller nozzles  giving finer atomization,  overenrichment of the 
primary  combustion zone occurred and the lower volat i l i ty   fuel ,   Diesel  fuel, gatre 
hfgher combustion efficiencies.  
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The resul ta  of tests i n  a 7-inch-diameter  tubular combustor with a larger number 
of fuels  of VarJrFng v o l a t i l i t y  are presented  in f lgu re  76. The fuels represented 
i n  figure 76(a) were relat ively Pure materials that vary only   s l igh t ly   in   the i r  
fundamental  combustion cbarscteristlcs  (discussed in a later section of this chapter). 
AB the  average  bailing temperature, represented by the  A.S.T.M. 50-percent dLstilU&- 
t ion  temgerature, vas increased, combuation eff ic iency-f i rs t   increased and t h e n  de- 
creased,  Indicating  an opt- dist i l lat ion  temperature af about 2000 F for   these 
Papticuhr  operating  conditione. The distillation  (or  boiling)  temperature of a fuel 
is only one of several   fuel  facto?% .that may affect   vapbrization  rate.  For example, 
the  evaporation  rate of single  drops.into high-temperature s u r r o u n d i n g s  can be corre- 
lated with   the   to ta l  heat required to -  e-porate g a t  mass .of . f u e l  (ref.  15). Thie 
quantity of heat is a function of t h e   i n i t i a l  temperature, the  boil ing temperature, 
and the  la tent   heat  of vaporization of the fuel. Plotting the combustion-efficiency 
data of figure 76(a)  against  the heat required  for-evaparation would r e su l t  in . 

cumrep of the  same form as those shown i n   t h e  figure because of observed relatione 
between boiling  temperature and latent heat of vaporization  of hydrocarbon fuels. 

The general  trend-in combustion efficiency with b o l l i n g   t a p e r a t w e  shown In 
figure  76(a)  +not usually encountered in   tu rboje t  couibustors. In  most cases, 
the range of fuel volat i l i ty ,   operat ing range, and combustor des.&. used r e su l t s  $n 
a continuous  decrease in   eff ic iency  xi th   an  increase  in   boi l ing temperature, SB sham 
i n  figure 76(b). These .data (ref.  16) were obtained  with mixed hydrocarbon fuels  
of the  general  type that may be supplied for turbojet-engine use. 

Fuel and air temperature. - Since the effects  of f u e l   v o l a t i l i t y  on combustinn 
performance are intimately related t o  the *sign of the combwtion; chamber and t o - t h e  
fuel-injection technique, it is possible  to d e s i g n  a combustion  system around either 
a low- or a high-volati l i ty fuel t o  provide  both high efficiency and sat isfactory 
s t ab i l i t y .  The d i f f i cu l ty  of achieving  this design, however, may be  considerably 
greater  vith  very-low-V6latility  fuels. If, f o r  economic or other  reasons, it I s  
desirable t Q  use lox-volat i l i ty   fuels ,   the   effects  af v o l a t i l i t y  can  be reduced. by 
preheating  or  prevaporizing  the fuel. I n  figure 77, a comparison is made of the 
combustion efficiencies  obtained at two fuel  temperature  conditions in an experimental 
annular combustor using MIL-F-5624AJ grade JP-4 fuel.  PFeheating the   fue l  t o  30O0 F 
appreciably improved the combustion efficiency at the low combustor-inlet  pressure- 
of 2 .5  pounds per square inch  absolute (ref. 17). This trend i s  also apparent i n  
figure 78, whlch shows t h e  effects  of air  and hel temperature on combustion 
efficiency of a tubular combustor for JT-1 fuel snd f o r  mommethylnaphthalene, two 
fuels t ha t  differ considerably I n  both  volat i l i ty  and compoeition.  Increase0 In f u e l  
and air temperature cauaed an  increase in combustion efficiency  for  both  fuels.  Com- 
parison of the two parte of f igure 78 shows that. variat ionanin  inlet-ai r  tempera- 
tu re  had a more pronounced effect  on combustion efficiency than dld variations In 
fuel  temperature. Increasing the  temperature of monomethylnaphthalene t o  3000 F did 
not  Increase performance su f f i c i en t ly   t o  equal the performance with unheated (100' P> 
Jp-1 fuel. For unheated mopomethylnaphthalene, Increasing the a l r  temperature t o  
2000 F increased eff ic iency  to  a value just slightly below that obtained with unheated 
JP-1 f u e l  a t  an a i r  temperature of U O 0  F. . " . . . . . . . . .. .. .. 

The pronounced effect  of inlet-& temperature on combustion efficiency shown 
i n  figure 78 may be expected from spray evaporation  studies.  Experimental  etudiee 
of the  evaporation af gasoline-type  fuel  sprays  cited. in chapter I show that the rate 
of evaporation is proportional t o   t h e  4.4 power of the a5.r temperature. Data of r e f -  
erence 18 show that evaporation of a fue l  bailing between 317O and 346O.F increased 
1 percent  for each 4' F increase  in  a i r  temperature and f o r  each 7.5' increase in 
fuel temperature.  Furthermore, it should  be  recognized that increases  in  inlet-air  
temperature w i l l  increase the rate of chemical reaction as well as the rate of 
evaporation. 

1 
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Fuel  prevaporization. - From the  results presented in figures 77 and 78, 
it may be concluded that methods of increasing the rate of evaporation of the  l iquid 
fuel   spray cah -rove combustion efficiency. Other investigations  (e.g., refs. 4 
and 19)  have also shown that the  use of a completely  vaporized fuel will increase 
combustion efficiencies in current liquid-atomizin@;  combustors. A number of turbojet 
combustion  systems have been  designed  with fuel "prevegorizers," which generally in- 
corporate flame-bathed fuel-vaporizing  tubes. Wfth a fuel  prevaporizer,  the  effects 
of f u e l   v o l a t i l i t y  on combustion efficiency would be  expected to dlsappeer. The com- 
bustion  efficiencies  obtained i n  a 'comercia1  vaporizing combustor with  eight  fuels 
of varying  volat i l i ty  are reported in reference 20. The leas t -vola t i le   fue l   t es ted  
was a kerosene. Over the  range of fuel-air ratios  investigated, all the   fuels  gave 
about the same combustion efficiencies.  The inlet-air operating  conditions were not 
given in  reference 20; however, they w e r e  presumably severe ezlDugh t o  cause signifi- 
cant  differences in the  performance of the   fuels  i n  a liquid-atomizing  combtar. 

Investigations of t h e  combustion  perforroance a f  monomethylnaphthalene and JP-3 
f u e l  in  a different  vaporizing combustor are reparted in reference 21. Combustion 
efficiencies w e r e  determined for a range of combustor inlet-air temperature, inlet- 
air pressure, and aFr velocity.  Representative  results are presented i n  figure 
79, wMch  shows tha t  In all cases the  performance af the more volat i le  JP-3 fuel 
exceeded t h e   p e r f o m n c e  of the  high-boiling hydrocarbon monomethylnaphthalene. With 
regard  to   s tabi l i ty ,   the  data show tha t   the  mre volatile JF-3 fuel  sustainedcombus- 
t ion  a t  lower inlet pressures and a t  higher  velocities. Thus, t h e   w e  of the fuel 
prevaporizer in  t h i s  case  did not eliminate the  effect  of fuel v o l a t i l i t y  on cambus- 
t i o n  performance. It should  be  noted that the  compositions of JP-3 fuel and 
monomethylnaphthalene are considerably  different.  Variations i n  composition may also 
.affect  combustion  performance. The data. of figure 79 are caarpared in  reference 
2 1  with  similar data obtained  with  the same fuels i n  a liquid-atomizing combustor. 
The trends indicated that the  vaporizing combustor did  d@Lnish  the effect of f u e l  
properties on combustion efficiency. The f a c t  that the  aifferences w e r e  not  entirely 
eliminated may be  attributed  to  inadequate  vaporizing  capacity of the  combustor f o r  
the  high-boiling monomethylnaphthalene, and to  'differences i n  fuel composition. 

It was suggested that increased inlet-air temperature improves combustion effi- 
ciency in one way by causing more rapid  vaporization of l i qu id   fue l  sprays. The use 
of a fuel prevaporizer,  then,  should  diminish the  effect  of inlet-air temperature on 
combustion efficiency. Figure 79 shows that, i n  the  prevaporizing combustor 
tested, combustor inlet-air temperature had some effect on the efficiencies  obtained 
with monomethylnaphthalene and essentially no effect on those  obtained  with  the JT-3 
fuel.  These trenda  again  indicate that, since  the  prevaporizer was not  designed t o  
handle fuels  such as monomethylnaphthalene, prevaporization of t h i s   f u e l  was probably 
not very complete. 

Vapor fuel   d is t r ibut ion.  - Even if' the  combustor design is such that complete 
fuel prevapaization OCCUTS, performance difficulties may st i l l  result from lmproper 
dis t r ibut ion of the  vaporized fuel. The effect of vapor fue l   d i s t r ibu t ion  on the  
combustion efficiency of a tubular combustor is studied in reference 22; results . 
obtained  with four different  fuel injectors are presented  in figure 80. The 
injectors were similar to   several  of those  discussed  in-the  section of this  chapter 
enti t led  Fuel Atomization  Factors  (fig. 70). Even with  the  fuel  vaporization 
s tep completely eliminated, combustion efficiency was markedly affected by the design 
of the  vapor fuel injector.  A comparison of t h e  two injectors haw eingle  orifice6 
indicates   that- the lezger o r i f i c e  provided a higher combustion efficiency. It may be 
considered that the  lower-velocity J e t  issuing from the  Urger   nozzle  was mixed more 
uniformly  wtth the air, while  the  higher-velocity jet from t h e  smaller nozzle main- 
tained a fuel-rich  region in the   center  of the  conibustor. Also, the  smaller-orifice 
injector may have increased fuel penetration  sufficiently  to  reduce  residence time 
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of the   fue l   i n   t he  combustion zone, resu l t ing   in  decreased combustion efficiencies.  
The radial spoke-type inJector  distributed  the  fuel more uniformly over the cross 
section of t he  combustion zone, thereby  affording greater mix ing  rates and, hence, 
higher combustion efficiency. The best  performance was obtained  vlth  the  tube  in- 
jector,  which distributed  the  fuel  axially  along  the  length of the primary zone, 
mixing the fuel with  the incoming a i r  jets and, alao, possibly mixing wibh reverse 
air-flow  currents  within  the combustor. Additional  studies  of the effect  of vapor 
fue l   d i s t r ibu t ion  on the performance of an  annular combustor are described in 
reference 23. 

A5r Admission Fkctors 

m 

n 
OD w 

The effects  of the  fuel  atomization and vaporization  steps on the performance 
of turbojet  combustors are  discussed in the  preceding  sections of t-his chapter. "he 
data presented emphasize the  need f o r  maintaining optimum fuel-air-mlxture conditions 
in the combustion zone. TKO ways of  accomplishing t h i s  ( a t  least pa r t i a l ly )  w e r e  
described (1) control of fuel properties a@ (2)  proper  design  of the fuel-injectfon 
system. 'Ibe third factor  that influences the Fuel-air mlxture is the  design of the 
air admission  ports. . . . . . . . . . . . . . . . . . . . . . . - ." ~ 

" 

The design of the air admission  system i n  the turbojet  combustor is based not 
only on the  requirements of high combustion efficiency and wide limits of  operation 
but- a lso on factors such as outlet-temperature  dietribution, carbon deposition, iml- 
tion, and durabili ty of the combustor. The present discussion is limited t o  a brief 
review of the  trends in limits and efficiency of combustion that have been. observed 
with variations in  sir admission geometry of the primary combustion zone. 

B e  primary-air-admission ports are designed (1) t o  provide  adequate  quantitiee 
of air f o r  combustion and (2)  t o  promote a high  ra te  of m i x i n g  of the  fuel w i t h  the 
air. It is apparent that the  air admission chaGctKb.t ics .  e t  b e  matched t o  the__. 
design of the  fuel   InJectors  and t o   t h e   f u e l  properties i n  order t o  achieve optimum 
fuel-air-mixture  conditions  in  the primary combustion zone. Current  turbojet combus- 
tor configurations do not  provide  completely separated, well-defined  primary combus- 
t i o n  zones. For discuasion purposes, however, the primary zone is generally  assurd 
t o  occupy the first one-third t o  one-half of t h e   t o t a l  corrbustor length. Tfie amount 
of a i r  introduced  into t h i s  region is not  independently  controlled  but  rather ig a 
f'unction of the  air-admission-port  design over the  entire  length of the conbustor, 
cornbustor cross-sectional geometry, and pressure loss (ch. 11). 

EPfects of primedy-air  admission. - &me laboratory s tdies  have  been  conducted 
with combustors incorporating separated and controll& prlmery-air admission. Fig- 
ure 81 presents results of one such  study i n  a tubular conibustor operating at 
over-all  fuel-air r a t io s  from 0.0057 t o  0.0145 (ref. 24). For a given over-all   fuel-  
alr  ratio,  increasing  the  percentage of prinrary aFr above a c r i t i c a l  value resulted 
in a decrease in temperature rise, and hence in cambustion efficiency. "hie decrease 
ih  efficiency  my  be  attr ibuted  to  over-leab primary-zone mixtures. The trends may 
also be  explained on the basis of primary-zone velocity; as primary-air flow is 
increased,  velocity is also increased, and residence time O f  the  fuel-air  mixture 
is decreased. These and other data reported  in  reference 2 4  Indicate, however, that 
mixture fue l -a i r   ra t io   in   the  primary zone was the  principal  factor  influencing  the 
performance  of t h i s  tubular combustor. The data also show tha t  smaller percentages 
of primary air are required at low mer-all fuel-& ratios t o  maintain  high effi- 
ciency. The parametric curves of constant primary fuel-air rat io   indicate  that e 
minimum primary fue l - a i r   r a t io  of about 0.05 is required to   assure  best performance. 

V 
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The data of figure 8 l  indicate  that ,  so long 88 the  percentage of pr imsy 
a i r  is less than  about 10 percent, m~ximum efficiency is obtained. The data pre- 
sented in t h i s  figure are mted t o  a relat ively m o w  range of operating condi- 
tions; data presented  previously i n  this chapter  indicate that overenrichment of the 
primary zone can a l s o  cause decreases in efficiency. One example of the more general 
trend that can be  expected is presented in figure 82 (ref .  25) .. These and all 
subsequent data presented in this section w e r e  obtained in combustors not  incorporat- 
ing separately  controlled primary a b .  The m u n t  of a i r  entering  the primary zone 
is assumed t o  be proportional  to  the open area of the  a i r  admission ports Fn t h a t  
region. While t h i s  assumption is reasonably  satisfactory far observing general  per- 
formance trends, it is accurate  for  high-pressure-loss combustors only (ch. 11, 
f ig .  II-13). More precise methods for estimating air  dis t r ibut ion in turbojet  com- 
bustors are noted in chapter II. Figure 82 shows that at fuel-air ra t ios  less 
than  about 0.014 a decrease in open area at the front end of the combustor (a decrease 
i n  primary-air flow) increased combustion efficiency, a trend similar to that shown 
i n  figure 81. A t  high  fuel-air  ratios, however, overenrichment of  the primary 
zone occurred, and a decrease i n  open area in t h e  primary zone decreased combustion 
efficiency.  Similar trends are i l lus t ra ted   in   f igure  83 by data obtained  in a 
9.5-inch-diameter combustor ( ref .  26). The air-entry-hole area of  a 5.8-inch-diameter 
primary zone (p i lo t  chamber) was varied over  a  range from about 25 t o  10.9 squsre 
inches. A t  low fuel-air  ratios,  intermediate open axeas gave the best performance; 
at fuel-air   ratios  greater  than about 0.012, there is a regular trend of increasing 
efficiencies  with increasing open area. 

1 Optimum air admission  design. - As is apparent from t h e  data of figures 82 
and 83, a single,  fixed, air admission geometry w i l l  be optimum for   spec i f ic  opera- 
ting  conditione only. Unless variable a i r  admission controla  are  incorporated  into 
a combustor design, compromises are required  to  achieve the best  over-all combustion 

r a to r i e s   t o  determine the  air admission  design criteria f o r  optimum combustion per- 

the following  discussion. These results w e r e  obtained  primerily i n  direct-connect- 
duct facilities, utilizing  both  annular and tubular co&ustors. 

.L characterist ics of the combustor. Research studies have  been  conducted in many labo- 

.formance. I l lus t ra t ive  results obtained a t  the L e w i s  laboratory are presented in 

While most curren€  liquid-atomizhg combustors use longitudinal r m  of circular 
holes  for  introducing aFr (e .g . ,  fig. i'l(b)), the experimental C O m b U E t O r S  de- ' 

scribed here incorporate a variety of hole  shapes  and  locations. For example, the 
experimental annular combustors used i n  reference 27 incorporated long rectangular 
slots for admission of primary  combustion air, w h i l e  those of reference 17  had small 
circuhz  holes.  Figure Bp presents  one-quarter cutaway v i e w s  of these particular 
experimental combustors. Figure 85 illustrates a variety of air admission tech- 
niques  investigated i n  a tubular combustor {ref. 25),  each of the  configurations shown 
tending t o  produce 8 different  air-flow  pattern  within the combustion zone. 

The alt i tude  operational limits obtained  with two circuls^r-hole  designs in an 
early annular cornbustor are presented in figure 86. Near-optimum design  increased 
altitude operational limits about 12,000 feet; combustion efficiency rras also  increased 
considerably. The air-admission-hole  designs of the  two combustors are  represented 
i n  f5gure 87 by  the  plot  of percentage of open area against axial distance from 
the  upstream end of the  CQmbUStOr  l i n e r .  The design  giving  the  higher performance had 

16 percent of t h e   t o t a l  open area being located in the first half of the  combustor - length. The total-pressure  losses  through t h e  two combustor designs were approxi- 
mately the same. The reduction in open ares in the upstream region may be considered 
t o  have increased  local fuel-air ra t ios  and t o  have  reduced local flow velocit ies.  

. substantially reduced open area i n  the first portion of the  combustor, approximately 
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The ex ten t   to  which a i r  admission  design  affects performance depends very 
markedly on operating  conditions. The axial distributions of air-entry-hole  area 
for  three  experimental  annular combustors designed for  high combustion  performance 
(ref .  28) a t  high-altitude  (low-pressure)  operatiq..cogitions are presented  in fig- 
ure 88. The conibustors used  very aimilax patterns of circulscr  holes fo r  admit- 
t ing  air  into  the primary zone and, as shown in  figure 88, a l s o  had very similar. 
axial   d is t r ibut ions of open area. Even these.small  tUfferences in primary-air- 
admission design produced the  large  differences  in   perfomnce s h . m  in   f i gu re  89. 
Figure 90 presents  the axial dis t r ibut ion of open area  for  each of t w o  widely 
different  combustor designs investigated  in  reference 29. Combustor A u t i l i zed   c i r -  
cular  holes  for  admitting  primary air; combustor B, s l o t s  and louvers. The combw- 
tion  efficiencies  obtained with these combustors over a range of inlet-air-pressure 
conditions are presented i n  figure 91. A t  low-pressure  conditions siurulating 
high-altitude, low-speed f l igh t ,   l a rge  differences i n  performance were observed. A t  
in le t -a i r   pressures  above about 1 atmosphere simulating  higher-speed  flight,  higher- 
pressure-ratio engines, or  lower-altitude  conditione,  the  large  differences i n  open- 
area dis t r ibut ion did not markedly a f f ec t  cornbustion efficiency. 

i 

.. 

4 
.. 

It is apparent from the data presented  herein that the  best   axial   distribution 
of open area of a combustor -11 degend, partially, on the- required  operating cog!- 
t ions.  It w i l l  a l so  depend ah the  fuel-injection and fuel-volatility characterist ics,  
eince  these  factors w i l l  af fec t   the  amount of vapor fuel present a t  any location. 
Finally, it w i l l  depend on the combustor design  itself,  the  pressure-loss  character- 
istics and the .shape of the  air-entry por ts .  -plea of near-opt- air-entry-hole- 
area distributions for a number of experimental combustor designs  varying i n  a l l  the 
above factors  are  presented  in figure 92, where-the  principal  features of the 
various combustors a re  noted. Combustors C an& E 3njected  prevaporized  fuel, and 
D and F injected atomized l iqu id   fue l   in to   the  combustion zone. Primary air  was 
admitted through circular  holes,  longitudinal  slate,  or  both. The various designs 
represented had from about 20 t o  about 50 percent of the t o w  l ine r  open area lo- 
cated in the first half of the combustor. 

.. - 
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It has been shown that i n  the turbojet  combustor air admission  design  influences 
t h e  limits and efficiency of combustion t o  a very great extent. Its ef fec ts   a re  re- 
lated t o  the  fundamental  combustion  requirement8  of a low-velocity combustion zone 
containing flammable fuel-air  mixtures. If these  proper  burning  conditions a t  any 
par t icular  combustor operating  condition are t o  be  obtained, the air admission design 
must be mstched with the  fuel-injection and vaporization  characterietice. Because of 
the   des i rab i l i ty  of fixed combustor geometries with a minimumlof moving parts, the  
fuel-air  mirture w i l l b e  optimum over only a part of the   en t i re  combustar operating 
range, and compromises i n  performance muat be expected a t  some conditiom. The ef- 
fects  of &verse fuel-air-mixture  conditions  are most pronounced a t  Lar-pressure and 
low-temperature (high-altitude)  conditions. Aa would be expected,  then, i n  engines 
having  higher  pressure r a t io s  and operating at high  f l ight  speeds, the  conditions  for 
combustion are l e s s  severe, and more freedom in the  design of the combustor components 
is allowable. 

0 

CORREUTIOIB OF OPERATUG VARIABLES WITE COMBUGTIDN EFFICIFNCY 

One of the  principal object ives   in  conducting  engine  studiee is  the development 
of methods that will enable the engine designer t o  e s t m t e  or  predict   the performance 
of new engines. A logicalapproach to t h i s  problem is the   developent  of correlations 
of engine  performance characteristics  with  the  engiee opera- variables. I n  the  case 
of the  turbojet  combustor, one performance characterist ic of i n t e r e s t  to  the  designer 
is cambustion efficiency; t h e  operating  variable6 of in te res t   a re   in le t -a i r   p ressure ,  
i n l e t - a i r  temperature, a i r  velocity, and temperature riee. A preceding portion of 

SL 

. 
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this  chapter is devoted t o  a dLscusaion of these  variables and t h e i r   r e l a t i o n   t o  
combustion efficiency. This section concerns existing methods of combining these 

' operating  variables  into  suitable parameters far correlation  with combustion effi- 
ciency. 

- 
9 

Losses in combustion efficiency  occur  because  the-  conversion  processes that take 
place i n  the  turbojet  combustor are too slow. These processes  include  vaporization 
of liquid fuel, mixing of t h e   f u e l  and aix t o  form flannneble mixtures,  ignition, and 
oxidation. Combustion can be visualized as a competition between these  processes and 
the  quenching tha t  occurs when the  reacting mixture is swept out af the  burning zone 
and diluted  with  cold a i r  and when the mixture contacts  the  relatively  cool walls of  
t he  combustor liner. Because OP the obvious  complexity of the combustion process, no 
exact  theoretical  treatment of combustion efficlency is currently possible. Never- 
theless,  correlations have been developed, both  empirically and theoretically, by 
making simplifying assumptions  regarding the combustion m e c h a n i s m .  

s 
tc 
rl 

I 

u u 

.. 

c 

.. 

Correlation  with a Simplified  Reaction-Kinetics  Equation 

The effects of t h e  inlet-air variables on combustion efficiency have  been con- 
sidered t o  be  the result of their  effects  on the  rate of chemical reaction.  Secod- 
order  reaction  equations have been used to exiLein flame Stabi l i ty  phenomena observed 
i n  ram-jet combustion chambers (ref.  30). In  addition, it has been  suggested that 
chemical-reaction  kinetics  control  the  perfomnce of jet-engfne combustors (ref.  31). 

A theoretical   analysis (ref. 32) based on the  kinetics of a bimolecular  chemical 
reaction yielded  the"following  relation between  combustion efficiency and the 
combustor-inlet  variables: 

where 

E apparent  energy of activation 

L length of reaction zone 

NAI Ng - .. 

p i  

R gas cons tent  

'b 

concentration of two reactants in burning zone 

combustor-inlet s ta t ic   pressure 

static temperature i n  burning zone 

combustor-inlet s t a t i c  temperature 

codmstor-  reference  velocity 

combustion efficiency 

effect ive molecular diameter . 

T i  

'r 

Ttb 

'A' 'B 
I 
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Equation (2)  is applied, i n  reference 32, t o  data obtained i n  14 different turbojet 
engines and  combustors. The reference  velocity Vr ie based on the mass-flow rate, 

F 

t h e  combustor inlet-air  deneity, and the lna~imum cross-sectional area of the combue- 
t o r  f l o w  passage. I l lustrat ions of the relat ion between the parameter pzTI/V, and 
combustion efficiency % are   sham in figure 93. Experimental points are shown 
on t h i s   p l o t   t o   i l l u s t r a t e  the extent of sca t te r   in   the   da ta .  The precision of cor- 
relations such as these is not good. Some scgtter may be expected since it is dlff i -  
cult ,  a t  Ldentical  test  conditions,  to  reproduce  values of combustion efficiency 
accurately  in  day-to-day operation.  Studies a f  t u  reproducibility show that values 
of combustion efficiency  differing by 4 percent axe common wFth most combustors, but 
at  severe  operating  conditions  the  differences may be as great as 10 percent. 

The parameter piTi/Vr obviously does not  include  possible  effects of fuel-air 
r a t i o  on combustion efficiency. Data presented in figure  60(d)  indicate  that  the 
effect  of fue l - a i r   r a t io  on efficiency varies wlth combustor deslgn; it may a lso  vary 
with  operating  conditions. Many combustors give  substantially  constant  efficiency 
for  a range of fuel-&* ratios; when t h i s  occurs, the correlation of PITI/V, with 
combustion efficiency is generally improved. .Thu, some of the scatter of data noted 
in   the  correlat ions of figure  93 may be at t r ibuted to the  effect  of fuel-air 
ra t lo .  

t 

The data for the  1Pcombustare  investigated (ref. 32) a l l  produce curves of the 
same general shape. The examples sham in figure  93  indicate that at higher 
values of the parameter the  efficiencies of the  combustor are good, but combustion 
efficiency may decrease  rapidly a t  lox  values. %is general   characterist ic  opthe 
c w e s  led to the suggesti'on (ref. 32) that a concept of a c r i t i c a l  value of the  
parameter might be developed to   dis t inguish between satiafactory and unsatisfactory 
ranges of operating  conditione. Combuetore could  then  be  rated  according to   these 
c r i t i c a l  values of the  parameter. In other words, an examinstion  could  be made of 
the   re la t ive  ra t ings of combustors and engines at a selected value of combustion 
efficiency, and the  rating values would tie expreseM i n  terrae. of the parameter 
piTi/Vr. On such a scale, the  best  combustors would have Lar values of c r i t i c a l  

piTI/v, - . . . . . . . . -. . ." . ." - - 
" 

In order to   obtain a more c r i t i c a l   t e e t  of the  assumption that the   ra te  of 
chemical reaction  controls  turbojet combustion efficiency, combustor t e s t s  were 
conducted  with a variable concentration of oxygen i n   t h e  inlet oxygen-nitrogen m a -  
ture. Investigations show -ked effects of o q g e n  concentration on combustion 
properties  such as minimwn spark-ignition energy, quenching distance, and burning 
velocity  (ref.  33, pp. 303, 304, 405-407, and 460-467). Oxygen concentration is, 
therefore, a means of varying  the combustion characterist ics without  appreciably 
changing  such factor$ as inlet velocity, turbulent mixing as associated wi th  in le t  
conditions, and fuel-spray  characteristics. 

The effects of oxygen concentration on combustion efficiencies  obtained with 
both  l iquid  fuel (iemctane) and gaseous fue l  (propane) were determined i n  a 7-inch 
tubular  turbojet  combustar [refs. 19 and 34). m i c a 1  data are presented i n  
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figure 94. Even though  such f l o w  paxameters aa velocity and Reynolds mer were 

increase  being  greater at lower values of oxygen concentration. This observation 
eatablishes  the importance of molecular  processes in the  cambustion  process. As would 
be  expected,  combustion efficiency  also  increased  with an increase i n  inlet-& pres- 
sure and was higher  with  the vapor fuel. These results indicate that, when grosser 
physical  processes  associated with combustor-wet  conditions are held constant, 
variations i n  the  molecular-scale  processes will affect the  performance of a turbojet  
combua tor.  

'constant, the combustion efficiency Increased wlth oxygen concentration,  the  rate of 

In the  application of the variable-oxygen-concentration data of references 19 
and 34 t o   t h e  basic kinetics  equation (11, the burning-zone temperature Tb could m 
long& be considered  independent of inlet conditions, since variations in oxygen 
concentration result i n  appreciable changes i n  the  flame temperature of stoichiometric 
or richer fuel-oxygen-nitrogen  mixtures. The burning zone temperature T& uas there- 
fore  a r b i t r a r i l y  taken as the  stoichiometric U b a t i c  equilibrium  temperature. For 
these  conditions, the r a t i o  of the  reactants (fuel and oxygen) NANB is assumed con- 
s t an t   i n   t he  combustion zone, and equation (1) can be m e s s e d  as 

where I- is the  stoichiometric  adiabatic equfllbrium twnpaature, 
oxygen concentration. 

The application of equation (3) t o  experimental data of references 19 and 34 is  
sham i n  figure 95 fo r  a fuel-air r a t i o  of 0.012. The equilibrium  temperatures 
w e r e  computed  by  methods dekribed in  reference 35. An activation energy E of 
37,000 calories  per gram-mole sat isfactor i ly   correlated the data obtained  with  liquid 
isooctane. This value is i n  reasonable  qpeement w i t h  the  apparent  activation 
energy of. 32,000 calories p q  gram-mole obtained from adiabatic-compression-ignition 
data (ref.  33, p:l88). For the  correlation of the data obtained w i t h  gaseous pro- 
pane (fig.  95(b)), a value of E of 27,818 calories  per gram-mole w a s  used. How- 
ever,  because of the  sensi t ivi ty  of the   correlat ion parameter to oxygen-concentrqtion 
measurements in t h e  low-combustion-efficiency  range, any value of E between about 
27,000 and about 33,000 calories per gram-mole would be satisfactory.  A value of 
38,000 calories per gram-mole is cited in  reference 36. 

The sca t te r  of data from the mean correlation  cwves of figure 95 is con- 
siderably less than tha t  of figure 93. Perhaps a major reason far the  improvement 
in   the   cor re la t ion  was the  removal, in the  data of figure 95, of the  variekle  fuel-  
a i r  ra t io .  A comparison of data obtained  with.  the liquia f u e l  at four   fuel-air   ra t ios  
is presented in figure 96. The correlation cu rve  v a r i e s  considerably  uith fuel- 
air ra t io ,  combustion efflciencg increasing w i t h  an  increase in fuel-air   ra t io .  With 
gaseous  propane fuel ( re f .   lg ) ,   fue l -a i r   ra t io  had a relat ively small effect on com- 
bustion  efficiencies,  except at l o w  values of oxygen concentration. 

Correlation with Fundamental Combustion Properties 

The data  presented  in  the  preceding  section of this chapter indicate that the  
combustion reaction step can be a rat.e-controUing step in  t h e  turbojet combustion 
process. An analysis based on this fact provided a poesible means of  predicting  the 
effects of operating  variables on conibustion efficiency. Other attempts t o  define 
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the  rate-controIling  step have considered fundamental combustion properties of fuels, 
eucp as burning velocity, minirmun ignition energy, i n f h % i l i t y  'limit, or quenchtng 
distance. The data required t o  develop  possible  relations between these  factars and - 
combustion efficiency have  been obtained (1) with fuels havFng different fundamental 
combustion properties (refs. S, 37, 38) and (2) y i th  various inlet oxygen-nitrogen 
mixtures (refe.  1.9 and 34). I 

Minirmrm spark-ignition enera. - A comparison of the  effect  of pressure and 
oxygen concentration on minimum spark- igni t  ion energy and combustion ef f iciancy of 
isooctane fuel was made (ref. 34) using values of mln imm spsrk-ignition energy 
arb i t ra r i ly   t aken  at the equivalence ratios  giving  the  lowest  wlues of energy. The 
following approximate relat ion  for  combustion efficiency qb, combustor-inlet  pres- 
sure pi, and minimum spark-ignition energy E, was dweloped for  data obtained in 
the  s ingle  tubular combustar a t  constant inlet-air temperature, air flow rate, and 
fuel-air   ratio:  

The correlation a t  one fuel-air ratio  with  l iquid  isooctane  fuel is  shown in figure 
97. B i m i l a r  correlations w e r e  obtained at- other fiel-air rat ios .  

Attempte were &e in the  same  manner to   co r re l a t e  data obtained  with gaseous 
propane (ref.  Xi), but  there was no consistent  relation between couibustion efficiency 
and min-lrmrm sparb igni t ion  energy. The faabi l i ty   to   ob ta in  a satisfactory  correls- 
t ion  uas a t t r ibu ted   to   l a rge   e r rors   a r i s ing  in  the requFred extrapolation o f  the 
ignition-energy data. ResultB obtained in turbodet combustor tests with #ide varie- 
ties of fuele (refs.  5, 37, and 38) indicate no consistent  relation between-minimum 
spark-ignition energy and turbojet combustion efficiency. 

Quenching distance. - It has been found (ch. III) that, over wide ranges of 
pressure and oxygen concentration, quenching dietance d an8 minimum spark-Ignition 
energy are approximtely related by the expre6s.ion 

- .  .. 

S, = kd2 

where k is a C O z w t 8 n t .  Quenching distance would, therefore, be expected t o  corre- 
la te   sa t i s fac tor i ly   the  combustion effici-y data obtained  ulth  isooctane in ref- 
erence 94 but not to   cor re la te   the '  date o f  references 5, 19, 37, and 38. Attempts 
to   co r re l a t e   t he  combustion-efficiency data obtained  with  gaseous propane (ref. 19) 
with  quenching-distance data f o r  propane (ref.  39) hsve not been successful. 

Burning velocity. - Another  combustion characterist ic of in te res t  in the evalua- 
t i o n  of combustor performance is -ng velocity. Baaic investigations of burning 
velocity are discussed  extensively Fn chapter -pP, a d  certain relktione are developed 
t o  show the  effect  of VsFiables on burning velocity. An effor t  
34 t o  relate basic burning-velocity  consiaeration?  to combustor 
obtained  with varying W e t  oxygen concentration. 'phe equation 
ence 34 relates combustion efficiency and maximum laminar-flame 
expression 

ia made in  reference 
perfarmance data 
rleveloped in  refer-  
speed uf by the 

This  equation assumes constant inlet-air t e m p p t u r e  and constant flow rate of fuel 
and  oxygen-nitrogen mixture. For constant  inlet  temperature a d  for  flame speed 
sesume3 independent of preseure and Reynolds number (ref. 36), the  maximwn flame 
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speed of at  least some oxygen-nitrogen mixtures has been  found t o  be proportional 
to the  term (a - K) (ch. IV), where K is a constant dependent on f u e l  type, and a 
is the oxygen concentration by percent. Substitution of this term in equation (5) 
gives 

As sham in figure  98(s), the flame-speed parameter  of  equation ( 6 )  satis- 
factorily  correlatea combustion-efficiency data obtained  with  liquid  isooctane 
(K = 12) a t  one fuel-air r a t i o  and over a range of combustor-inlet  pressure and oxygen 
concentration.  mually  satisfactory  correlations w e r e  obtained a t  other  fuel-air 
ratios.  Equation (6) was also found to be sui table  for correlation of gaseous-propene 
(K = 11.5) data (ref.  lS), as shown in  figure 98(b). 

Ihvestigations conducted  with f ive   d i f fe ren t  hydrocarbon fuels  in a turbo jet 
combustor (ref. 5) indicated  that   the most consistent perfarmance trends w e r e  obtained 
with maximum fundamental burning velocity. Combustion efficiency generally increased 
with an increase in burning  velocity.  Exceptions t o  this trend occurred, particularly 
a t  very low air-flow  rates,  indicating  the  presence of other  controlling  factors  not 
considered. Other fundamental  combustion properties  that  w e r e  considered in   reference 
5 included mihimm ignition energy, spontaneous-ignition  temperature, and flammability 
range. The fuels tha t  w e r e  chosen have m3nimum variations in physical  properties. 
With th i s  res t r ic t ion  the possible range in combustion properties was necessarily 
qui te  small. 

Investigatiolis of 13 hydrocarbon and nonhydrocarbon fuels having  considerably 
greater  variation in combustion properties  axe  reported in reference 37. Tests were 
conducted i n  the same cambustor  and a t  the same operating conditions as those used 
i n  reference 5. Figure 99  shows the  var ia t ion  in  combustion effic€ency  with 
maximum burning velocity for the data of references 5 and 37 at one of the  tuo inlet- 
a i r  temperatures  investigated.  Include5 i n  the  figure are comparable combustion- 
efficiency data obtained  with  isooctane and varying mlxtures of oxygen and nitrogen 
(ref. 34). mere. ia a definite trend towards an increase in combustion efficiency 
with  an  increase in maximum burning velocity.  Nevertheless, wide deviations from 
the single curve are apparent. Lese dis t inc t  trends were obtained  with  the  other ' 

fundamental  combustion properties. 

The 18 fuels represented in figure 99 vary markedly dot o n l y  i n  composition, 
including hydrocarbons,  oxygenated  hydrocarbons,  and fuels  containing  nitrogen, s u l f u r ,  
and sil icon, but also In physical  properties,  particularly  those  reflecting  vaporiza- 
t ion   ra te .  Consequently, the fundamental burning velocity was combined, empiri- 
cally,  with  the latent heat of vaporization H into the correlating parameter 
uf/#.33. Figure 100, which shows the relat ion between this empirical parameter 
and combustion efficiency  using data of figure 99, in-acates  some degree of 
correlation; however, several fuels, notably  carbon disuI3Y.de, deviate  considerably 
from the  faired curve. 

The range o f  combustion properties represented by the data of references 5 and 
37 was considerably greater than would be encountered in conventional, readily 
available  turbojet  fuels;  therefore, insofar as combustion efficiency b concerned, 
fue l  composition is not regarded as an important factor  in the selection of fuels  
for  general  operational use. Evidence that the  rate of combustion reactions m y  
influence  the performance of t h e  combustor a t  some conditions of operation @s l e d  
many investigators  to  study  the  effectiveness of fuel   addi t ives .  A large number - 
of additives have  been examined, including oxygenated materials and  organo-metallic 
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compounds, but  in  general, no significant improvements in  combustion efficiency have 
been  noted. These observations are consistent  with results of f-mdamental stud& 
described  in  chapter N. 

.* 

4 

Significance of  Combustion-Efficiency Correlatione 

Satisfactory  correlations between combustion efficiency and operating  variables 
have resulted f r o m  assumptions that the  efficiency was limfted by either (1) the   ra te  
of ox ida tbn  of the   fue l   o r  (2) the rate of spreading of the  f l a m e  into unburned a 

mixture. These assumptions yielded two distinct  correlating parameters, piTi/Vr 
from the  reaction-kinetics analysis and pi1/3y/Vr from the flame-spreading  analyeis. w 
The parameter ~ ~ l / ~ . . p / V ,  is applicable only  for conditions of constant combustor 
inlet-ai r  temperature. For a given fuel, a mre  general  form of thie  parameter  that; 
includes  the  inlet-air  temperature as a variable  but  neglects  the  effect of pressure 
and Reynolds nuniber on flame speed is pi113Ti1s1/Vr (ref .  40). The s imilar i t lee  
between the two parameters derived by different methods of analysis  are now apparent. 
Since  the exponents of the  pressure and tearperature  variables are qot the same in   the  
two cases, it is also apparent  that”troth parameters will not  adequately correlate 
combustion-efficiency data obtained  over wide ranges of inlet-air conditions. 

The chemical reaction parameter piTI/Vr iB equal t o  a dimeneional constant 
times the parameter pi2/wa, where x, is air-flow rate.  The flsme-spreading parame- 

ter p i 1 / 3 ~ 1 * 1 / ~ ~  is, s m a r l y ,  equivalent  to a memional  constant times 
pl.3 Ti 0.1 /wa. The r a t l o  of exponents on the  pressure and air-flow terms in the two 

cases are 2 and 1.3, resPectively. 

Tests w e r e  cortduchzdAn a turbojet  canbustor  operating on gaseous  propane fuel 
over a wide range of pressure and a i r  flow i n  order t o  determine  experimental  values 
of the exponents (ref.  40). Representative results a t  one fuel-air   ra t io   are  shown 
in   f igure 101. The slope of a l ine   ind ica tes   the   ra t io  of exponents of the  cor- 
relating parameter thst best fits the experimental data. A t  low values of preasure 
and  weight flow, the  slope ia about 2, which corresponds to   thst   predicted by the 
reaction-kinetics parameter. A t  high v a l u e s  of air  f l o w  and pressure, the  elope l e  
about 1.3, a value  corresponding t o  that of the flame-spreading m e t e r .  These 
data  indicate a s h i f t  from one ratecontroll ing  process  to  another as combustor op- 
erating  conditions are varied through wide ranges. The fac t  that the  reaction- 
kinetics parameter appears to   control  combustion only at very low-pressure  conditions 
might be attributed t o  the dependence of the chemical  reaction on the square of the 
pressure. At the  higher pressures, the.reaction I s  very rapid and is no longer  the 
rate-controlling step. 

The correlations of combustion efficlency  with  the  reaction-kinetics and the  
flame-spreading  parameters are based on very limited data obtained  over a relat ively 
narrow range of operating end design  variables. 3ence, the  conclusions dram f’rom 
the  correlations m t  be  considered very tentative.  

The conversion  processes just. discussed are not, of course, t h e  only ones that 
might be considered t o  limit combustion efficiency.  Theoretical analyses have been 
made at the Lewis laboratory assuming one of the follaring as the  rate-determining 
step: (1) fuel  vaporization, (2)  fuel-air turbulent mixing, and (3) fuel droplet 
burning (ref.  41). With each of these assumptions, however, the  theoretical  pre- 
dicted effects of operat-  variables on combustion e f fk iency  differed markedly 
f r o m  the   e f fec ts  observed  experimentally.  Nevertheless,  empirical  correlations have 

f 



"I 
D 

3 
I 

L) 

. 

t 

c 

NACA FM E55G28 Iy 

been  developed t M f " i l l u s t r a t e  a very important effect of a t  least one of these 
steps,  fuel  vaporization. In figure 100, for example, conibustion efficiency was 

correlated with the parameter u~/€T!'~~. Dsta preeented fii figure Lo2 (ref. 42) 

indicate a relat ion between combuetion efficiency and the Sauter mean diameter of t h e  
fuel spray, combustion efficiency  increasing as the mean f u e l  drop size  decreases. 
This re la t ion and that  sham in figure 100 both  predict an increase  in  efficiency 
Kith  an  increase i n  the rate of fuel vaporization. The data presented i n  figure 
65(b) indicate that reduced eff icienciea can result from e i ther   too   f ine  or too 
coarse a degree of atomization, depending upon the  operating  conditions. Thus, al- 
though f u e l  atomization and vaporization  factors have marked influences on combustor 
performance, they may not be wed successfully  to  correlate combustion-efficiency 
data over a wide range of conditions. 

The preceding  discussion indicates that e i ther  of at  leas t  two of the  conversion 
processes that occur i n  the  turbojet  combustor, fuel vaporization,  or combustion, may 
be rate-controlling, depending upon the choice of operating  conditions and combustor 
design. Furthermore, the ways in which each s tep limit the conversion  process may 
vary with  operating  conditione. It is reasonable t o  expect,  then, that the  combustion- 
efficiency  trenda of  the  turbojet  combustor will be ccmpletely described only by a 
complex parameter that accounts for changes in  the rate-controlling steps with changes 
i n  op&ating  conditions. 

Methods of Estimating Combustion Efficiency of Turbojet Combustor 

The preceding  discussions have illustrated several methods by which combustion 
efficiency  has been correlated with combustor operating  variables. The s i m p l i f i d  
form piTI/Vr of the  reaction-kinetics parameter (eq. ( 2 ) )  was chosen i n   f " t h e r  
investigations  (ref. 43) to develop 8 convenient method for  estimating combustion 
efficiency st a l t i t u d e  flight conditions from a minimum quantity of combustor test 
data. 

The method developed is- i l l u s t r a t e d   i n  figure 103. Sections I, 11, and 111 
of the figure convert  the effects of pressure  ratio, flight MBch number, air-flow 
rate per unit crosa-sectional area, a d  f l i g h t  altitude on ccrmbuetor-inlet variables 
into  the parameter Vr/piTl. In section IV of the chart, VrfpiTi is plotted  against 
combustion efficiency for. three combustors to   give  typical   correlat ion curves. The 
combustion parameter is inverted from the form presented in precedtng figures, be- 
cause the  reciprocal form Vr/pITi was found, i n  reference 17, to   g ive  very nearly 
s t ra ight   l ine   re la t ions  on linear  coordinates. 

U s e  of figure 103 re-8 that the following data be available for the 
particular combustor and-engiue under considemtion: (I) suff ic ient  combustor data 
for establishing the Vr/piTi correlation and ( 2 )  the   sea- leve l   s ta t ic  performance 
of the engine  (for establishing air-flaw rate, pressure rat io ,  and turbine-inlFt tem- 
perature at various engine speeds). Wfth these data, it is possible to select ,  in 
order, the pressure  ratio and the  flight h c h  number ( s e c .  I), t h e  air-flow rate 
(sec. a), and t h e  altitude (sec. III), and to   p red ic t   the  coldbustion efficiency that 
would be ob€ained with any combustor fo r  *ich the  carrelation curve is plo t ted   in  
section IV. The Values of pressure ra t io .  and air-flow rate a t  the  desjred altitude 
conditions are determined f r o m  plots of these  variablee agafnst the  corrected engine 
speed N/@. 

The chart i s  based on the  assmgrtion that the  operating  characteristics of engine 
components other than the  combustor do not vary xf th  changes in altitude; that is, 



138 - NACA RM E55G28 

currected air-flow rates,  pressures, and  temperatures of these components a r e  assumed 
t o  be  unique  functions of corrected  engine  speed. It must also @e recognized, of 
course, that the accuracy of pradiction is no greater than  the  accuracy  of  the rela- 
t b n  between Vr.piTi and combustion efficiency. AB discussed  previously in t h i s  
chapter, some combustors may give very porn correlations, particularly if combustion 
efficiency  varies  appreciably  with  fuel-air ra t io .  - - - 

A t  high-altitude  operating  conditions  turbojet enginee may encounter an altitude 
operational limit (figs.  59 and 74).  As i n  the case of conibustion efficiency, 
attempts have  been rriade to   correlate   these limits with  operating  variables. In  addl- 
t i on   t o   f ac i l i t a t i ng   p red ic t ion  of ful l -scale  engine  operating  cG%cteristics fl;bm 
limited  laboratory tests, such  correlations  indicate  the  relative importance of the 
various  operating  variables concerned. 

Altitude operational limfts occur when the combustor LE unable t o  supply  the 
teqperature rise required  to  operate-  the  engine a t  the des*& a l t i t ude  and engine- 
speed conditions  (fig. 61). Although the  lean  fuel-air-ratio limit may, i n  some - 
engines, r e s t r i c t   t h e  idling speed of the engine, the   r ich  limit (maximum temperature 
r i s e )  w i l l  usually  establish  the  alt i tude ce- i n   t he  normal operating speed  range. 
For t h i s  reason, the maximum-temperature-rise characterist ics af combustors have been 
emphasized i n  most ccmbuetion studies, a d  the  correlations  discussed  herein  consider 
only  these  characteristics. 

The combustor inlet-air variables that af fec t   the  maximum combustor temperature 
rise include  inlet-air  pressure,  temperature, and velocity. The e f f ec t s  of these 
variables on s t ab i l i t y   a r e ,  in many cases, similar t o  the* effects  on cambution 
efficiency;  thus, as pressure and temperature are decreased, and as velocity is Fn- 
creased., the  maximum combustor temperature rise i6 generally reduced. AB a result 
of these  trends,  carrelations of similar form have  been  developed f o r  both combustion 
s t a b i l i t y  alld combustion efficiency. The maxiruum combustor temperature rise obtaln- 
able a t  selected. f h .  conditions is  correlated  with a modification of the combustion- 
efficiency parameter in  reference 44. ~ y p i c a l  data are p re~en ted   i n   f i gu re  
104, with  the  ra t io  of maximum temperature rise t o  combuetor inlet temperature 
plotted  against  the  factor pi1'46/wa for two laboratory-scale and three  full-scale 
combustors. For a given combustor inlet temperature,  higher combustor temperature 
r ises   are   obtainable  a t  higher pressures and lower velocit ies (lower air  flows). 

Additio-1 data  obtained  in  laboratory-scale and full-scale  prevaporizer comb-- 
t o r s  are correlated  with a s l igh t ly  modified  parameter ( fiTi/Vr), which is  propor- 
t i o n a l   t o  pilS5/wa, in   references 45 and 46.- S t a b i l i t y - l k t  data obtained. at the 
L e w i s  laboratory  in  two full-scale combustors (refs. 3 and 5) are plotted  againet  the 
modified parameter l/pfTi/Vr of reference 45 i n  figure 105. A fair correlation 
was obtained. For comparison  purposes the   s t ab i l i t y  data of figure 105 are re- 
plotted  against  the  combustion-efficiency  parameter piTJVr in   f igure  106. Some 
increase i n  s ca t t e r  of data points is nobed in figure 106. 

Correlating  parameters of the form pi?Pi/Vr can be used i n  con junction  with 
charts simiLar t o  that shown i n  figure 103 to   p red ic t  altitude operational l i m i t s  
of a turbojet  engine. For e x w l e ,  ma-temperature-rise value8 could  be  plotted 
against piTi/Vr in section IV of figure 103. Comparisons of the maximm tem- 
perature rise obtainable  with  the combustor and the  temperature rise required by the 
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ergine a t  various  operating  conditions would establish  the  altitude  operational 
limits of the engine. A chart similar t o   t h e  one shown In f i w e  103 could also 
be  constructed by using the  parameter fiTi/Vr. 

Fuel  variables, as well as operating  vsriablee,  affect maximum obtainable tem- 
perature  r ise.  With very limited data, a re la t ion  is  established in reference 5 
between maximm temperature rise and the minnrm burning  velocity of the  fuel. This 
re la t ion is sham  in  f i v e  107, where maxim temperature rise generally  increaeed 
w i t h  an increase  in  burning  velocity.  Emever, a t  some conditions  the  results ob- 
tained with :-heptane deviate from the  general  trend. Other  fundamental conibustion 
characterist ics examined in the  investigation of' reference 5 did not indicate con- 
sistent  trends. 

From the data presented  herein it m y  be concluded that some & w e e  of correla- 
t ion  has been obtained between maximum temperature rise and  parameters of the  form 
piqi/V,. The correlations  indicate  the  relative effect of operating  variables on 
s tab i l i ty ;  however, only  approximate estimates of engine performance can be  obtained 
a t  the  present time by use of the correlations. Research also indicstes some relat ion 
between temperature-rise limits and the  fundamental f k e  speed of the  fuel.  The 
degree of correlation  obtained in these  investigations be influenced  significantly 
by the accuracy of the.canibustion data considered, data obtained at or  near blow-out 
conditions are frequently difficult t o  reproduce. 

JEFECT OF COOLANT IKJXTION ON COMEUSTOR PERFORMANCE 

t 

.. 

The maximum thrust output of a turbojet  engine may be increased,  particuUrly 
for short  periods of operation as in take-off am3 combat maneuverLng, by the injec- 
t i o n  of a liquid  coolant  into the afrstream. Coolants such as water, water-alcohol 
mixtures, and ammonia have  been injected  into  the engine -et, the compressor, and 
the  combustion chambers (refs.  47 t o  4 9 )  t o  provide thrust increases of 20 t o  25 per- 
cent. The quantity of coolant injected, and, hence, the thrust increase, is limited 
by combustion performance of both  the  pr tmry conibustor and the  aftmburner (refs. 
48 and  49). 

The ra t ios  of  augmented t o  normal combustion efficiencies  obtained in a turbojet  
engine equipped with  water-alcohol section porte in tubular conibustors (fig.  108) 
are presented figure 109 (ref.  47).  At a l t i tudes  of 30,oOO t o  50,000 feet com- 
bustion  efficiency  decreased only s l igh t ly   as   the   l iqu id-a i r   ra t io  was increased t o  
approximately 0.10 (liquid: 30 percent alcohol, 70 percent water). Analysis of the 
data indicates that at  least a part of the  alcohol that was introduced burned within 
the combustion chambers. The effect  of  coolant  injection on combustion efficiency 
appears t o  be most signfficant at the  lower altitudes; at sea-level,  with a variable 
exhaust  nozzle,  combustion efficiency decreased rapidly  with an increase in liquid- 
air r a t i o  above  about 0.06. The loss in efficiency a t  l o w  altitudes uas at t r ibuted 
t o  the  greater  penetration of the  coolant a t  the  higher =quid flow ra tes  (hence, 
higher  preseure  drops)  required. It may be assumed that the  penetrating  coolant  Jet 
quenched volumes of fuel-air mixture that had not  yet burned. 

In  another  investigation (ref. 48) the effect  of  alcohol-water inject ion on the  
combustion efficiency  of a tail-plpe  burner W&B determined. Combustion efficiency 
was reduced as much as 35 percent a t  some fuel-air-ratio  conditions; a reduction of 
25 percent was observed at the optimum tail-pipe  fuel-air   ratio.   Unstable  operation 
of the  tail-ptpe  burner  accompanid the rapid decrease i n -  combustion efficiency. A 
similar investigation (ref. 49) using anhydrous l iquid ammonia in jec ted   a t   the  c~m- 
pressor M e t  indicated no loss Fn combustion efficiency a t  stoichiometric  mixture 
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conditions (including the ammonia as a combustible).  Operation at leaner or richer 
than  stoichiometric mixtures resulted in significant  decreases  in combustion effi- 
ciency.  Calculations made in reference 50 indicate that approximately 35 percent of 
the ammonia burned i n  the engFne combustion chambers a t  high weight flows of ammonia, 
permitting a decrease Fn fuel-flow  rate. 

An investigation (ref. 51) was conducted in a direct-connect-duct  installation 
t o  determine the  effect  of water injection on the maximum obtainable combustor tem- 
perature rise in a combustor similar t o  those used in the  engine of reference 48. 
Water was injected from spray  nozzles  located (1) ah& of the  caabustor-inlet stet. 
tion, (2) i n   t h e  upstream end o f  the  combustor liner, (3) halfway along the  length 
of the combustor liner, and (4) in the damstream end of the  combustor. With water 
inject ion at the  first two stations, no indications of l iquid water at the combustor 
outlet  w e r e  present. With water injection a t  t h e  last two stations,  liquid water in 
the  exhaust was observed at hlgh liquld-air ratios.  Figure 110 presents remilts 
of this   invest igat ion in terms of the  variation i n  maximum to ta l   l iqu id-a i r  ratio 
with  a l t i tude  for  each of the four injection  stations.  The maximum liquid-air ratio 
w a a  limited by ei ther  flame blow-out o r  inability af the combustor t o   a t t a i n   t h e  re- 
quired temperature r i s e  a t  the  rated-engine-speed conditions investigated. The total 
l iqu ld-a i r   ra t io  was Mist severely limited-at the lowest and the  highest  altitudes 
investigated. Higher lfquid-air   ratios could  be  toleratedi when the  coolant w a ~  in- 
jected far ther  downstream In the  combustion chamber (stations 3 and 4 ) .  

The effect  of water injection on combustion is a l so  of s-icance i n  considering . . .  - .  

f l i g h t  of turbojet-powered aircraft through heavy precipitation.  Figure 1ll shows 
the  mximum atmospheric water-sir ra t ios  that might be expected, based on a precipita- 
t i o n   r a t e  of 33.5 incherr per hour measured over a 10-minute period and over an area 
of 1.0 square mile (ref.  52). The curve  repr-enting the Uniting water-air ra t ios  
that could be tolerated, a t  rated engine speed., by the combutmr o h e f e r e n c e  51 I s  
included in figure lll. This  curve VBB obtained with water inJection 62 inches 
upstream of the combustor (statfon 1). Comparison of the curve8 of figure u1 
indicates that no combustion problems should resul t  *om ingestion of water by a 
turbojet  engine  operating in heavy rainfall- The data were obtained for  only  one 
turbojet combustor design, however, and- other designs could  conceivably be more 
sens i t ive   to  water ingestion. 

Chapter X I  d i s c u s e s  the phenomenon of cmpressor  surge and associated unsteady- 
state flow conditions  existing in turbojet engines &* engine acceleration ar 
deceleration. It is pointed  out that during transient  operation  unfavorable  mixture 
conditions msy exist  in the  combuetar, resulting in flame blow-out. The discuseion 
(ch. X I )  considers  primarily the effects of fuel-flow-rate changes on cmbwtor  blow- 
out. It would be expected that rapid changes in  air-flow rates result ing from pree- 
sure s u r g i n g  may also affect  mixture' conditions and, hence, flame blow-out character- 
i s t i c s .  Another phenomenon that may be considered t o   c a w e  flow fluctuations is 
combustion  resonance, which has been  observed in both  single-burner and full-scale- 
engine test units. The following discussion  describes  typical  effects of flow 
oscil lations,  caused by either  air-supply  fluctuations  or  burner resonance, on the 
performance of turbojet  combustors. 

The variation of combustor temperature rise vith fuel-air   ratio  obtained in a 
annular combustor operating over a range of air-flow r a t e  and inlet-air temperature 
is  shown in   f igure  =(a)   ( ref .  3). R e g i a  W resonating combustian  observed in 
t he   t e s t s   a r e  denoted in   t he  figure by dashed curves. The faired curve representing 
an air-flow rate of ll.2 pounda per second  has  been S i &  somewhat from that 
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presented in reference 3 in order t o  show mre clear ly   the  effect  of combustion 
raonance on performance. Resonant combustion occurred a t  the  higher  fuel-air   ratios 
and was accompanied by a decregse i n  canbutor temperature rise and in combustion ef- 
ficiency based on theoretical  temperature rise. Reductions in efficiency that ac- 
comganied combustion reaonance w e r e  more pronounced and w e r e  evident over wider  ranges 
of fue l - a i r   r a t io  as the  air-flow rate was increased and the inlet-alr temperature 
was decreased. The resonance  encountered in the  regions of the  dashed curves was 
described i n  reference 3 as "temperature fluctuations at combustor outlet" accompanied 
by either  "rapid flickering at base of flame" or "noisy vibration of combustor and 
adjacent  ducting." In general, the resonant combustion was encountered. a t  coldlltions 
that apprcached the  operational limits of the  combustor. 

Similar data w e r e  obtained in a single tubular combustor operatin@;  over a range 
of fue l -a i r   ra t io  and air-flow rate at constant inlet-air pressure and met -a i r  tem- 
perature;  typical results are presented in  figure llZ(b). In t h e  tubular coaibus- 
tor,  resonance was observed only at t h e  lower &-flow rates. Combustor temperature 
rise and, hence, conbustion  efficiency increased when resonance  occurred i n   t h e  tubu- 
lar conibustor, w h e r e a s  in   the  annular  conibustor, efficiency decreased (fig. U Z ( a > ) .  
This difference  in trend may be attribuLed t o  dffferences in conibustar design, aper- 
ating conditions, fuel characteristics, or t o  differences in  the characteristics of 
the  resonance  encountered. A variable-area fuel nozzle  operating at a constant  pres- 
sme d i f f e r e n t i a l  of 25 pounds per squsrre inch w a s  used to   ob ta in  the data shown i n  
figure 112(b).  Since it w a s  considered possible far the spring-loaded m e c h a n i s m  i n  
this nozzle t o  inci te   the observed  resonance, t e s t s  were repeated  with a fixed-mea 
nozzle. Slm-r7er trends were observed, but  resonance  generally  occurred at lower fuel- 
air ratios with the s-, fixed-mea nozzle. 

Ihta obtained in  the same tubular combustor with three fuels  varying both in 
hydrocarbon type and in  v o l a t i l i t y  are presented  in figure 113. A t  these  condi- 
tions,  resonant combustion, accompanied by an increase in performance, occurred  with 
a l l  three fuels. However, the fue l - a i r   r a t io  and the  temperature r i s e  at which reso- 
nance f i rs t  occurred varied with the f u e l  used. Other data obtained  with a number 
of fuels  at. various operating  conditions i n  a simFlar tubular combustor ( table  11, 
ref. 5) indicate..that combustion resonance was encountered a t  cer ta in  operat€ng 
conditions; however, no significant effects of the  resonance on performance w e r e  
observed. No explanation for variations in the observed effects of resonance on 
perfo-ce is apparent f r o m  the limit& data available. 

The investigation  reposted in reference 53 was an attempt t o  study more 
thoroughly the  effect  of inlet-air flow fluctuations on the performance of a Z-inch- 
diameter turbojef-type combustor. By varying the rotative  speed of an inlet-&* 
butterfly  valve,   an  oscil lating flow of controllable  frequency  could be supplied  to 
the small-scale combustor. Figure LL4 share  the effect of osci l la t ion frequency 
on combustion efficiency of two fuels at two operating  conditions in the small-scale 
combustor. At  the  higher pressure and air-flow rate (fig.   114(a)),   an  increase  in 
osci l la t ion frequency -creased combustion efficiency slightly; at  the lower pressure 
and air-flow rate (fig. l l 4 ( b ) ) ,  an  increase  in  oscil lation frequency  decreased com- ' . 

bustion  efficiency. A maximum reduction in combustion efficiency of 15 percent was 
observed  with  isooctane  fuel with an  oscil latory frequency of about 180 cycles per  
second. 

The effect of the   osci l la t ion frequency on the  llmaxirmtm stable tenperatme rise 
of the  combustor is shown in figure 115. As frequency was increased, the  maximum 
temperature r i s e  decreased  rapidly, reached a minimum value,  and then  increased. 
Similez trends w e r e  observed with the two fuels  investigated, E-heptane and isooctane. 
The greatest effect of the  induced osci l la t ions on the  maximum temperature rise was 
observed at  a frequency of a b u t  80 cycles per second. DElta obtained in the same 
combustor a t  a lower pressure and a l m e r  air flow (ref. 53) showed that the rnaximm 
reduction in temperature-rise Unit occurred at a lower frequency of about 40 cycles 
per  second. 
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From the  data presented  herein it is concluded that a i r - f l o w  f luctuations may 
a f f ec t  the performance of turbojet  combustors. The nature and the  degree of the 
effects are  apparently  functioas of .combustor. opereting conditions, combustor design, 
fuel characterist ics,  and possibly combustor accessory  ducting. The frequency  and 
perhaps the amplitude of. the  f luctuations.  infl.uenc.e-t~e..re~~t;s obtained. Basic con- 
siderations of combustion suggest that flow. fluctGt.ions .pzybably"affect combustion 
performance by (1) varying  the  degree  of  turbulence in the flame zone, (2)  a l t e r ing  
air-dis t r ibut ion  character is t ics ,  (3) altering fuel-spray characterist ics,  and (4)  
rapidly  shif t ing  the flame f ront  i n  and  out of favorable combustion  zones. A more 
complete discussion of the  causes and characteristics..of combustion resonance may be 
found i n  chapter V I I I .  
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SIGNIFICANCE OF COMBUSTION EFFICIENCY AND STABILlTT 

IlAlIlA W COMBUSTOR DESIGN 

Reduced  combust-larr efficiency and s t a b i l i t y  of turbojet  combustors a t  hlgh- 
altitude  operating  conditions seriously limit the  usefulness of the  turbojet  engine. 
BtamlnatFonof  the  basic  factors  affecting  these performance cha rac t e rb t i c s  indicates 
that decreased combustor i n l e t - a i r  temperature and pre~eure. and increased a i r  velocl- . 

ties r e su l t  Fn decreased  efficiencies and s t ab i l i t y .  The effects  of these combuetor 
inlet-air variables on combustion efficiency are. caaelatd .  by several  paraxeters 
derived f r o m  theoretical  considerations of  (1) flame velocity, (2)  m i n i m u m  ignition b 

energy,  and (3) reaction  kinetics.  A simplified fana af a reactMn-klnetics parame- 
ter Vr/piT~  appears g5n-W sat isfactory for much of the combustion data consid- 
ered. Its application  to  the  probl&-of..prefi%%hg c a m b u s ~ o n - e ~ ~ ~ c I e n ~ i e s ~ o f  a " -.--- 
given combustor in ful l -scaleengines  a t  fl ight  conditions has been described. Pa- 
rameters of t he  same general form may also  be used t o  correlate  combustion-limit 
aata, allowing  estimates  to  be made of the  altitude operational limits of a turbojet 
engine. . .  .- . j  
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In addition to the inlet-air var iables ,   the   over-al l   fuel-air   ra t io  has very 
important  effects on cambustor  performance; overlean  or  overrich -1-air mixtures 
in t h e  combustion zone result i n  decreased efficiencies and in flame blow-out. The 
fuel-air-mixture conditions are influenced by three factors: (1) fuel  atomization 
and distribution  characterist ics,  (2) fuel  vaporization  rate,  and (3) air admbsion 
patterns. Optimum performance o f - t h e  cambustor 1;s obta-ed-only Ff a l l  these  factors 
are t a t lo red   t o  one another. 

The magnitude of the effects  of fuel-air-mixture  variables on cambustor per- 
formance depends upog the  severity of the  inle't-.sir conditions. More accurate con- 
t r o l  of these  variables is  required as inlet -ai r   pressure ar temperature i s  reduced 
or  ES a b  velocity ie increased. Thus, the  problem of designing  high-perfarmance 
combustors becomes  more W f i c u l t  a B  the  operating altitudes of a l r c r a f t  are increased 
and as the  air-handling  capacities  of engines and, hence, combustor flow ra t e s  are 
increased. , " .. ....... - ....... " . . ." 
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(a) Effect  of‘flight Mach number. Altitude, ‘35,ooO feet. 
Figure 58. - Effect of f l igi& conditions on conibustlon efficiency of turbojet 
engine Over range of englue rotational speed. Engine sea-level pressure ra t io ,  
5; exbust-nozzle =ea, 538 square inches (ref. 2). 
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Figure 59. - Altitude  operational  limits of 
caibustor at conditions sinulatfng  static op- 
emattion. Engine sea-level pressure ratio, 3 
(ref. 3). 
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Figure 61. - Effect of altitude on required and available 
temperature rise of turbojet combustor. Engine rated EW- 
level pressure ratio, 4; -ne rotatiansl speed, 10,OOO 
rpn; fuel, aviation gasollne (AH-F-2%). 

Drop diameter, p 

figme 62. - Conibustion lifetime of liquid 
kerosene drops of v a r y i n g  size. Pressure, 
1 atmosphere (re?. 8). 
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Figure 63. - Bprey characteristice of two evirl-type 

fuel, Mesel fuel o i l  at l U o  P (apeciflc gravity 
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Corrected  engine speed, N / 6 ,  r p m  

(a)  Altitude, 30,000 feet - (b) Altitude, 40,000 feet .  

Figure 64. - Effect of fuel-nozzle capacity on combustion efficiency 
of turbo jet  engine a t  two al t i tude   codi t ions .  Flight Mach  number, 
0.3 (ref. 9 ) .  



Combustor temperature rise, ?l? 

(b) Fuel-injection pressure. 

Figure 65. - Effect of fuel-nozzle capaclty and injection pressure 
ou combustion efficiency of an annular turbojet conibuetor using 
aviation gasoline. Inlet-air pressure, 7 . 7  pounds per square inch 
absolute; inlet-air temperature, 530° R; reference velocLty, 64 < 

feet per second (ref. 10) . 
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Figure 66. - Cmbustioa efflcienay of turbojet engine operating with variable-area or nith 
fired-area fuel  nozzle. Ram pressure ratio, 1-00; altitude. +o,ooO feet  (ref.  12’). 

Figure 67. - Reduction in  fuel consumption resulting A.om use of 
variable-area fuel  nozzles i n  turbojet engine operating over range 
of altitudes, engine speeds and ram preaaure ratios  (ref. 12). 
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Figure 68. - Effect of fiel injector on combustion  efflclency Df single 539 combustor. Inlet-& preseure, 

fuel, MIIrF-562911 grSaa JP-4 (ref. l3) . 7.4 p o ~ d a  per epuars inch absolute; idLst-air temperature, 7280 Rj reference velacity, WO feet per eecondj 
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Figure 71. - Photographs of fuel sprays i n  quiescent air  and in nonburning tubular 
turbojet combustor. Inlet-air pressure, 12.8 pounds per square inch abbsolute; inlet-air 
temperature, 5100 B; 40-gallan-per-hour, 80°-spray cone; fixed-area nozzle (ref. 14) .  . 
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(a) Altitude, 30,000 feet. (b) Altitude, 40,ooo feet. 

Figure 72. - Effect of fuel-nozzle  size on combustion efficiency 
of experimental eingle-~mular combustor. Flight Efach number, 
0.60 (ref. 9) .  
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Figure 73. - Variation of combustion  efficiency w i t h  a l t i t u d e  
f o r  three fie16 of d i f f e r e n t   v o l a t i l i t y   i n   a n n u l a r  combustor. 
Simulated  compressor  pressure  ratio, 4 ;  engine  speed, 80 per- 
cent of r a t e d ;   f l i g h t  Mach number, 0.0 (ref.  10) .  
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Figure 74. - Comparison of a l t i t u d e   o p e r a t i o n a l  limits f o r  two f u e l s  
in annular  turbojet   combustor.   Simulated  compreseor  pressure ratio, 
4; f l i g h t -  Mach number, 0.0 ( r e f .  10 ) .  
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(a) Relatively pure straight-chain hydrocarbon fuels. 
Inlet-air   presswe, 7 pounds per square inch abso- 
lute;  i n l eGa i r  temperature, 5000 R. 

Figure 76. - Effect of fuel vo la t i l i t y  on combustion 
efficiency i n  tubular  turbojet combustor. 
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(a) Effect of combustor-inlet  reference velocity. Inlet-sir 
pressure, 15 pun& per squese inch  absoluteJ in le t -& 
temperature, 6Z0° R .  
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( c )  Effect of conibustor i n l e t g i r  temperature. IdLet-ah pressure, 
l5 pounds per square Inch absalute; reference velocity, 45 feet  
per second. 

Figure 79. - Effect of operating variables on cc¶ibustion efmciency of 
two f'lleb In  tubular V6pOriZing Ccmlbu8tOr. &at irrpUt, 366 B t U  per 
pound of air (ref. 21). 
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Figure 81. - Effect of varied air distribution on temperature 
rise obtained in  single tubular'combustor. Total air-flow rate, 
2.36 pounds per  second (ref. 24). 
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w e  82. - Effect of variation in percent of total area of airentry 
hoke within 4 Inches of plane of fuel-atunizcr t i p  on combustion e m -  

paunds per square inch absolute; inlet-air temperatwe, 720 R, reference 
ciency of 6.25-inch-Ciiameter  tubular comhstor. Inlet-air greyre, 3.9 

velocity, 102 feet pdp second (ref. 25). 

Fuel-& ratio 

Figure 83. - Effect of pilot &-entry-hole arts on combuation efficlmcy of 9.5-inch-ditnneter 
tubular ccmbustor. Ccmbuetor Idletgir pressure, 3.9 pounds per square inch absolute; t a q r a -  
ture, 699 RJ reference veloctty, about Loo feet pcr second (ref. 26). 
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( a )  Rotational flaw. 

(a) Segmengd flow. 

Figure 85. - Sketches of experimental tubular-combustor  canfigurations 
showing internal air-flow patterns (ref. E) . - 
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Figure 67. -Axial distribution of hole area in Yners of two erperlnaent& 
annular turbojet combustors of figure 86. 
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Figure 91. - Effect of pressure on conkustion efficiency 
of two experimental annulm turbojet conibustors of fig- 
ure 90: Inlet-air  temperature, 1330° R; average outlet 
temperature, 2260° Rj reference  velocity, 165 feet per 
second (ref. 29). 



. .  - . . . . . . . . . . . . . . . . . . . . . . . . . .  - . . . . . . . . .  - . . . . . . . . . . . . .  

Distance A.om upetrem end of combuetor liner, in. 

Figure 92. - Axial ai6triBution ai hole area of eeveral turbojet conbutor 
configurations designed far high efflcicncy at low-greesure conditions. 
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(a) ~ombuetor 3. 

Figure 93. - Correlation between combus-kion efficienay and piTi/Vr for data obtained in 
two  turbojet ccrmbu6tors (ref. 32). 
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n 
U (a)  Combustor  inlet-air  pressure, 10.5 pounds per square inch  absolute. 

(b) Combustor  inlet-air  pressure,  7 pounQ8 per square inch  absolute. 

Figure 94. - Effect of oxygen ooncentration on combustion efficiencles  obtained with 
liquid  and gasears fuels in  7-inah-diameter  tubular  combuetor op$rating at two different 
combustor-inlet  pressures. Cmbwtor inlet-air  temperature, 500 RJ oxygen-nitrogen 
flow mte, 3600 putnde  per  hour;  fuel-air  ratio, 0.012. 
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(a) ~eooctane fuel (ref. 39). 

Figure 95. - Correlation of combustion efficiency of single tubular 
combustor with parameter from second-mkr-reaction equation. Inlet- 
ah- temperature, 500' R3 carygen-nitrogen flow rate , 3600  pound^ per 
hour; fuel-& ratio, 0.012. 
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(b) Pkopane fuel (ref.  19). 

Figure 95. - Concluded.  Correlation of conibustion  efficiency  of 
single  tubules combustor with parameter from second-order-reaction 
equation. Inlet -air temperature, 5OO0 R; oxygen-nitrogen flow rate, 
3600 pounds per hour; fuel-air ratio, 0.012. 



. . .  - -  

I 
1 

lo0.r 

20 - 
0 

. 
" ... . . .  .. .. 

3080 
b 

I 

""_ 
" "- 

4 16 20 24 21 

m 
8 
I 
R 

I 
Figure 96. - meet of Fuel-& ratio 011 correlation of combustion effi- 

ciency a t h  parameter from second-order-reactton equation for  single tubular 
conibwtor operating with i600Ctane fuel. Inlet-air temperawe, 5OO0 R:, 
oxygen-nitrogen flow rate,  3600 pounds per hour; (ref. X ) .  
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Figure 97. - Correlation of combustion efficiency o f  isooctane  fuel i n  mingle tubular combustor 
wlth function o f  minimum spa rk - i a t lon  energy an& cambuetor-inlet gresaure. Inlet-& tempera- 
ture, 500' R; oxygen-nitrown flw mte, 3600 pounb per hour; fuel-air ra t io ,  0.012 (ref. 34). 
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(a) Isooctane fuel (ref. 34). 

Figure 98. - Correlation of combuatioa efficiency i n  single tubular 
combustar with flame-speed pamuaeter. I*%-ah- temperature, 500' .R; 
oxygen-nltrogen f l o w  rah, 3600 pounds per hour; fuel-dr ratio, 0.012. 
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(b) Fropane fuel (rei’. 19). 

Figure 98. - Concluded. Correlation of combustion efficiency in sin- . 
gle t u b e  combustar with flame-speed parameter. Idet-sir tempera- 
ture, 500’ RJ wgen-nitrogen flow rate, 3600 pouads per hour; f i e l - a r  
ratio, 0.012. 
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Fuels 

o Ieooctane 
0 a-Pentane 
U Isopentane I Acrylonitri l  

A Acrolein 

0 2 -Pentene 
* Methanol 

4 8 12 16 20 24 
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Figure Lc8. - Correlation of conibwtion  efficiency wi%h 
parameter u f / H O *  33. single  tubular conibuetor; idet-air  
pressure, 7 pounds- per square inch &solute; inlet-dr 
temperature, 500° R; heat input, 250 Btu per pound of air; 
air-flow rate, 1.0 pound per second. 
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Figure 101. - Relative  effects of  inlet 
pressire and air-flow ra te  on conibus- 
tion efficiency.  Fuel-air r a t i o ,  
0.012 (ref. 40). 
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Figure 102. - Relation b e t m a  combustion  efficiency and Sauter.mean (Liameter of fuel npray. 
Single combustor -rating  at simulated altitudes fran 30,oOO to 55,000 feet (ref. 42). 
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Figure 103. - Chart for estimating COmbuBtlon efficiency of turbojet combustors et altitude 
flight conditione. Corrected engine speed, constant; diffuser total-pressure recovery 
factor, 0.95 (ref. 43). 
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(a) dnnular canbustor (re f .  a); fuel, AN-F-22. 

Figure 105. - 
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(a) In le t -a i r  taperatme, 6W0 R. 

36 38 40 42 
Maximum burning  velocity, cm/eec 

(b) Inlet-air t e m p e r a t u r e ,  500' R. 

Figure 107. - Variation of maximum combustor tem- 
perature rise obtained w i t h  pure hydrocarbon f u e b  
with maximum burning velocity  in tubular conitrustor. 
Combustor inlet-air preseure, 7 pow& per equare 
inch  absolute (ref. 5). 
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I u u (a) Water-alcohol inJection nozzle. 

Cross-over tube 

195 

(b) Location of nozzle i n  co~ibuetion ewer (four nozzles per 
combustion chaniber equally spaced around periphery). 

Figure 108. - Water-alcohol injection nozzle and its location in tubular 
combustion c”r (ref. 47). 
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Figure 109. - Effect of liqUid-Sk r a t i o  on combustion efficiency of 
turbojet  e a n e  equipped with combustion-chamber water-alcohol injec- 
t ion and standard or variable-mea  exhaust nozzle. Engine speed for 
a u p n t e d  operaGion, 7950 engine speed for normal.operatFon 
determined by rated  turbine-outlet  temperature (ref.  47).  
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Total   l iquid-air   ra t io  

Figure l l0 .  - Effect of altitude on to ta l   l iqu id-a i r  
r a t i o  with water inject ion at various  stations  in  tubular 
combustor.  Simulated  operating  conditions, zero ram pressure 
and rated  engine  speed (ref. 51) . 



Free water-air ratio 

Figure 1U. - Comparison of maxinaM xater-alr ratios that have  been  encountered i n  the atmoaphere with  those that 
can be tolerated i n  single tubular conibustor operating at zero-ram and rated-engine-speed conbitions (ref. 52). 
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(b) Single tubular combustor. Irilet-air pressure, 7 pounds per square inch  abeolute; 
inlet-air temperature, 5000 A; fuel, high-boiung p r a f f i n .  

Figure 112. - hcludea. .-Combiiator &rfon&ice -obtained duri&resonwt A d  n m -  
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Figure 113. - H f e c t  o f  fuel charactariatics on combustion resonance in single- 
bubular Cambustor. Inlet- pressure, 7 pounde per square inch  absolute;   inlet-  
air temperature, 500' R; air-flow rate, 0.61 pound per second; variable-ma fuel 
nozzle. 
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(a) C o m b u s t o r  i n l e t - d r  pressure, 29.5 pounds per sq- inch 
absolute;  air-flow  rate, 0.174 pound per second. 
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(b) Combustor i n l e t  -air pressure, 18.7 pounds per square inch 
absolute; air-flow rate, 0.093 pound per second. 

Figure 114. - Effect of osc i l la t ing   codus tor  air SUPP- 
on combustion efficiency of 2-inch-diameter combustor. 
Fuel-air   ratio,  0.005 to 0.015 (ref. 53). 
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Figure 115. - Effect of oscillating combustor air supply on 
maximum stable temperature r i s e  of 2-inch-diameter combustor. 
Inlet-air  pressure, 29.5 pounds per square inch absolute; 
inlet -a i r  temperature, 660° R; air-flow rate, 0.174 pound per 
second (ref. 53). 
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COKE DEPOSITION AWD SMOKE FORMATION IN TlJBBOJEC ERG= 
By Jerrold D. W e a r  and Robert Et. Hibbard 

In  the eaxly development of jet engines, it uaa occasionally found that exces- 
s i v e  amounts of coke or other carbonaceous deposits were formed in   the cambustion 
&mer. Sometimes a considerable amount of smoke was noted in   the  exhaut gases. 
Excessive coke deposits may adversely affect  jet-engine performance i n  seve ra l  ways. 
The formation of excessive amounts of coke on o r  just  damstream of a fue l  nozzle 
(figs. 116(a) and (b)) changes the  fuel-spray  pattern and poesibly  affects conibustor 
l i f e  and performance. S M l s ; r  effects on performance can result from the  deposition 
of coke on primary-air  entry  ports  (fig.  116(c) ) . Sea-level  or  altitude  starting 
may be impaired  by the  deposition of coke on spark-plug electrodes  (fig.  116(b)) , 
deposits  either grounding the  electrodes conrpletely or - s i n g  the spark t o  occur 
at positions  other  than  the intended g&p. For some time it was thought that large 
deposits of coke in  turbojet  conibustion chambers (fig. l ls(a))  might break away and 
damage turbine  blades; huwever, experience has indicated that for metal blades this 
problem is insigbificwt.  ( C e r m e t  turbine blades may be damaged by loose coke de- 
posits. ) Finally,  the  deposition of coke w y  Cause high-temperature azeas, which 
promote Uner w a r p i n g  and cracking (fig. l l6(d))  from excessive  temperature  gradients 
and var ia t ions  i n  thermal-expansion rates. Smoke in the exhaust gases does not gen- 
er- impair engice performance but may be undes;trable from a tactical or a nuisance 
standpoint. Appendix B of reference 1 and references 2 t o  4 present data obtained 
from full-scale engines operated on test stands and from flight t e s t s  that  indicate 
some effects on performance caused by coke deposita and smoke. 

Some information  &ut  the mechanism of coke formation is g€ven in reference 5 
and chapter IX. The data indicate  that (1) h i g h - b o w   f u e l  resi-s and partly 
polymerized  products may be mixed wlth EL large aMRlllt of smoke formed i n   t h e  gas 
phase t o  account for the consistency,  structure, and chdcal composition of the 
soft  coke i n   t h e  dome and (2) the hard deposits on the Uer are 6imiLsr t o  petro- 
leum coke and may result from the liquid-phase thermal cracking of the fuel. 

During the  early development period of j e t  engines , it was noted that the ex- 
cessive coke deposits and exhaust smoke w e r e  generally  obtained when fuel-oil-type 
fuels were used. Engines u s i w  gasoline-type fuels were relat ively  f ree  f rom the 
deposits and smoke. Tkse results. indicated that some type of -qua l i ty  control would 
be needed i n  fuel specifications. Also noted was the effect  of engine  operating condi- 
tions on coke deposition. It I s  possible that, even with a Clem-burning fuel, 80. ex- 
cessive amount of coke could be formed at gome operating  conditions. I n  this case, 
combustor redesign  could  possibly reduce the coke t o  a tolerable  level. This chapter 
i s  a summary of the various coke-deposition and &st-smoke problems connected with 
the turbo jet combustor. Included are (1) the effect of coke deposition on combustor 
l i f e  or  du rab i l i t y  and performance; (2) the effect of combustor design,  operating COIL- 
ditions, inlet variables, and fuel  chaxacteristics on coke deposition; (3) elimination 
of coke deposits; ( 4 )  the  effect of operating  condltiom and fuel  characterist ics on 
formstion of exhaust smoke; and (5) various bench test methods proposed for deter- 
mining and controJ-g fuel qudi ty .  

-L The coke deposits i n  a turbojet-engine conibustor  &e formed on the liner 
walls from 2 t o  6 inches downstream of the &E, i n  the dome, on the fuel 
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nozzle, and on the spark plug  (fig.   l l6(e)).  The &posTts on the Uner are gen- 
e ra l ly  hard and d E medium grw color, show erosion marks or streaks c a s e d  by the 
hot  gases, and adhere  strongly t o   t h e   l i n e r  walls. The dome and nozzle deposits are 
sometimes softer  than liner deposits and generally  darker in  color. These deposits 
are probably  not  heated to as high temperatures 88 are the   l i ne r  deposits. The 
amount  of coke deposit obtained  in one tu3ular conibustor of a full-scale engine has 
been BB much 88 170 grams (fig.  116(a))j 250 grw has been  obtained from full-scale 
annular conbustors. Although most investigators  consider  deposit weight ae a measure 
of the emaunt of coke, it is  possible that volume instead of  weight  shuuld be 
considered. 

- 
. 

Effect of Coke on Combmtar Life and  Performance 

As stated previously, large deposits an llner xslls can  cause severe tempera- 
ture gradients  that may rernrlt in warping Etnd cracking of the Liner. Coke Beposite 
on or   jus t  damstream of the  fuel  nozzle cause al terat ions in the fuel-spray 
patterne  with  possible effects on  performance. 

Life  or  durabili ty.  - Severe liner w a r p i n g  that occurred  just downstreem of a 
l w g e  coke formation is  shown i n  figure ll6(d).  Flgure 1 of reference 6 also in- 
dicates quite clear ly   the  effect  of coke formations on l i n e r  warping. Information 
presented  In  reference 6, which WBB obtained from mil i ta ry   f l igh t  b'sees and overhaul 
stations,  indicates that severe coke deposition can c m e   l i n e r  failure i n  as l i t t l e  
time &B 30 haurs. I n  some engines, f i v e  out of el&% liners had failed at the 30- 
hour  check time. Generally, f l i g h t  stations that reported heavy coking i n   t h e i r  en- 
gines had much higher rates of l i n e r  replacement than did stations that reported 
only small emaunts of coke build-up. In some cases w h e r e  t h e  coke aepositlon was 
generally @te low, l i n e r  l i f e  was as long &B 200 hours. Liner l i fe  can also be 
shortened  because of a distor t ion or deflection of t h e  fuel spray  by coke formatione 
that causes  actual burning of part of the  l iner .  This type of failure is also re- 
ported i n  reference 6. 

Combustion efficiency and s tab i l i ty .  - Loss in fuel heating  value due t o  coke 
formation i n   t h e  conibustion chamber is unimportant even  under the worst  conditions. 
As explained i n  chapter M, for such  conditions, the Loss due t o  coke deposition iB 
only of the  order  of 0.004 percent. Hawever, coke fork t i& c& a f e c t   e f f i c i e n c y  
by  other m e a s s .  For example, an increase in   e f f ic iency  at low fuel-- ra t ios  ac- 
companied the  formstion cd' coke on fuel nozzles i n  an early  type tubular combustor 
(fig.  117). The periods of operation shown in this figure w e r e  conducted  under 
various test conditions. TUB unexpected increase in efficiency Vas at t r ibuted t o  
a change in   the  fuel-apfw  character is t ics .  Photographs  of the fuel spraye in still 
air, obtained  before and af ter  the coke had been &wsited, indicated that  tbe de- 
posi ts  caused a large  increase i n  fuel-spray m e  and provided inaproved -1 drop 
distributfon a t  low fuel-flow rates. It is noted that cleanlug the  fuel nozzle after 

. 

+ hours of operat ion  rebced conbustion  efficiency t o  the or iginal  values. The a- 
ser t ion of a nozzle shield that preventedthe  formation of coke on the nozzle tip 
resulted  in  constant  conbustion  efficiency  with run time. An opposite  effect of 
coke deposita on full-scale-engine performance is reprted i n  reference 6. It w a s  
reported f r o m  one f l i gh t   s t a t ion  that i f  the  domes and llners were not cleaned, a 
significant ~ m s  i n  engine power and efficiency  (increased  tail-pipe  temperature for 
a given  engine  speed) vas observed within 60 hours. 

Results of an investigation  reported in reference 7 shar the   effect  of coke &- 
posi ts  on a l t i tude  limits of a single tubular combustor. The a l t i tude  limits were 



determined before  and after an Bo-hour t ea t  run, during which the coke deposit pic- 
tured i n  figure 118 was accmulated. The operational limits w e r e  reduced somewhat 
&B a result  of the coke depbsits, as Shown i n   f i p e  119. In general,  tbere seems 
t o  be no reason t o  expect coke deposits to bugrove either  the  efficiency  or  the el- 
titude llmits of well-designed couibustore. Decreases in  efficiency and al t i tude lim- 
its would appear more likely, although  adequate substantiating data me not 
available. 

Effect of Combuator Design and operating Conditions on Coke Deposition 

The coke deposits i n  a combustor are  affectedby combustor design and operating 
conditions or in le t  varriables. The amount of the coke deposit is determined by the 
operating  time and by the rates of formation, burning, and erosion. These rates  are 
in turn  affected  to   Uferent  degrees  by design and by inlet vmiables. AB previ- 
o u s l y  mentioned,  coke deposits m a ~ r  result f r o m  Ilquid-phase thermal cracking of the 
fuel on the   l iner  w a l l s .  The sof ter  coke found i n   t he  dome i s  probably  high-boillng 
fuel residuals mixed with a larger amDuat of smoke that w a s  formed i n   t h e  gas p b e .  
Therefore, a combustor design that permits a large anmunt of l iquid fuel t o  impinge 
on the hot liner w a l l s  should accumulate more coke, provided that the teqperature of 
the   l iner  wdls is  proper for  thermal  cracking of the  liquid.  Preventing  the  liquid 
fue l  from get t ing  to   the liner w a l l s  or  using  vapor-fuel  injection  should  decrease 
the coke deposits. 

The direct effects of engine operating  conditione or confbustor-inlet VaxiableE 
on combustor deposits are somewhet obscured by the interdependence of these ver i s -  
bles, which include inlet-air pressure, temperature, velocity, and fuel-air  ratios. 
Investigators employing small-scale or full-scale.single tubular conibustors have 
tried t o  determine the singular effect of pressure, for example, by  holding mass air 
flow, temperature, and fuel-air ra t io  constant. In this case, the inlet-air veloc- 
i t y  varies  with  pressure. Then t o  determine whether the  pressure  or  velocity is 
affecting  the  quantity of d e p o S i t B ,  tests must be made with  constant  pressure, tem- 
perature, and fuel-air r a t i o  and ve;rylng velocity. The change i n  mass air flm, t o  
vary velocity,  requires a change i n  fuel flar t o  maintain  constant fuel-air r a t io  
which in  turn  requires tests t o  determine the effect of tot& fuel flaw on deposition. 
Because  of  the  large e e r  of  tests required, most investigators have not determined 
the s ingu l~  effects of all the combustor-inlet variables. From the  available data, 
houever, some indications can be obtained as t o  whether o r  not  the  effect of the  in- 
l e t  variables on combustor deposits is i n  agreement with the  deposit formation mech- 
anisms previously  postulated. 

Conibustor design. - Several  investigators have determined the  effect of change 
i n  "air wash" along the l ine r  walls on coke deposition. Data of reference 8 show a 58- 
to 77-percent reduction i n  weight of  coke deposits i n  a small-scale combustor When the 
gaps i n   t h e   l i n e r - d l  louvers were increased from 0.0% t o  0.050 inch.  Information 
presented i n  reference 9 ( ful l -scale   tubule  coudustor)  indicated an apprec-le in- 
crease i n  coke deposition when one-third of the l iner  louvers were closed. Unpub- 
lished NACA data (full-scale single combustor) show a reduction i n  coke deposits 
from about 30 grama t o  1 gram when the conibuator w a s  modified so that an anrmlus of 
air W&S directed damstream mrmimding the fuel spray. This annulus of alr was ob- 
tained  by modifying the upstream end of the conibustar dome as follows: A 3-inch- 
diameter hole w a ~  cut in the end of the dome, and a flat plate 4 inches in diameter 
w a ~  installed at the back of the fuel nozzle SO that the  plate  WEB centered i n   t h e  
3-inch opening. The pr- air entering the r i n c h  annulus (lz in. from the fuel I 1 
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nozzle)  prevented most q f  the   l iquid fuel from impinging on t he   l i ne r  w a l l s .  This 
method also  decreased  the amouzlt of l iquid fuel recirculat ing  into the dome; smke 
formed i n   t h e  gas phase  could not  adhere as reaaly t o  the dome sqrface. 

U e c t i o n  of vaporized fuel (considered as part  of combustor design) has an ef- 
f e c t  on coke deposits, as sham  by data presented  in  reference 10. Less Uner  de- 
posi t  w- obtained  in a small-scale  tubular  fuel-vaporizing couibustor than   in  a 
similar designafiL-fuel-atomizing conibustor operated at conpar6ble  conditions. . 
However, if the  fuel i s  not  completely  vaporized, the l iner  deposit  may be increaaed 
over the  values  obtained  with  the  atomizing conibustor. Also, deposits may form in 
the  vaporizing  tubes and  cause a decrease i n  fuel flow that will probably resu l t  in  
tube failure. 

Inlet-air  pressure. - Increasing  the pressure increases the smoke-forming tend- 
ency of hydrocarbon flames (ref. ll); thus, couibustor deposita ahauld increaae  with 
increase i n  inlet pressure. This is generally  substantiated  by  information  presented 
in  references 12  and 13 (small-scale  tubular combustors3 fuel-atomfzing and 
-prevaporizing,  respectively) and reference 14 (full-scale single tubular conibuatar). 
For example, data i n  figure 120 show a continued  increase in   t o t a l   depos i t  weight 
with-increase  in  pressure.  In t h i s  case,  velocity,  temperature, and fue l -a i r   ra t io  
were relatively  constant  while  fuel flow vexied. Deposit w e i g b . t  per  unit of fuel,  
which tend6 t o  minimize the  variable-fuel-flow  effect, a l s o  increased  with  pressure, 
but at a decreasing  rate. This leveling o f f  of combustor deposits at higher  pres- 
sures i s  similar to   the  pressure  effect  on the  rate of smoke formation shown i n  ref- 
erence U. T h i s  may be caused, in part, by  an  increased rate of erosion  with  in- 
crease i n  air density. 
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Inlet-air  temperature. - An increase in the  conibus-bor inlet-ai r  temperature 
should decrease colnbustor deposits becauee of the  increaeed  evaporation rate of the 
l iquid  fuel from the  liner w a l l s  and the resultant decrease i n  fuel residence time. 
Investigations  reported i n  references 13 and 15 (small-scale  tubular combustorsi 
fuel-vaporizing and -atomizing, respectively) and reference 16 (full-ecale single 
tubular conbustor) w e r e  conducted t o  determine the  effect  of inlet-air temperature 
on coke deposition.  Results of these  investigations  are somarhat conflicting re- 
garding t h e  temperature effect on conibu6tor depodits. For example,. .&ta taken at 
a constant air velocity  (ref. 13) show that the flrune-tube deposit of a high-deposit 
fuel  increased with increase i n  air temperature up t o  250' F, then decreased as tem- 
perature w a s  fur ther  increased up t o  4oOo F. Similar data (ref.  15) are shoxn i n  
figure lZl(a) .  The data were obtained i n  a small-scale tubular fuel-atomizing com- 
bustor at conatant mass air flat. Increase  in  the a l r  temperature from loOo t o  250° 
F increased  the amount of deposits3 however, further  increme in temperature t o  325' 
F caused a decrease in deposits. Data for  a Ml-scale single tubular conibuetor 
{ref. 16)  for both  constant mass air f l o w  and constant inlet-air velocity  indicate 
a decrease i n  deposits as inlet-& temperature WBB i n c r e a e d  from 100' t o  300' F. 
AB the  air temperature vaa increased from 300' to 500' F, the  depoeit  quantity in- 
creased. Data obtained  in a small-scale tubular fuel-atomizing coWnmtar (ref. 17)  
at constant  reference air velocity show an increase in deposits as air temperature 
was increased. from 100' t o  350' F. The Met-& pressure w a s  varied from 20 t o  50 
pound6 per  square  inch  absolute. Varying inlet-air temperature from 200° t o  860' F 
(ref. 18) caused a decrease in deposits a t  inlet pressures from 60 t o  173 pounds per 
square inch absolute, aa shown i n  figure 12l(b). The data were obtained at constant 
reference air velocity and Arel-aLr rat io .  

." . . . - - 

It is apparent that the  processes  that cause combustor deposits are affected 
to different degrees by change i n  inlet-air temperature. With 60me parrticular 
inlet-air   teqperature,  combustor geometry, and fuel, one procese may p r e h i n a t e j  
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with  other  mubinations  another  process may peaominate. In some cases the  increase 
i n  temperature KWL increase the  vaporization  rate of the  fuel,  thereby  decreasing 
the  fuel  residence time on the walls; in  0th cases the thermal-cracking ra te  (with 
increase i n  inlet-air temgerature) may  become greater, re lat ive  to   the vaporization 
rate, and therefore depits will increase. Of couree, if the inlet- teqperature 
is high enough, the liner temperature will be above the minimum temperature at which 
coke will burn, and, therefore, combustor deposits will not build up on the   l iner  
(fig. 121(b)). 

Inlet-&  velocity. - An increase in the inlet-&- velocity w d &  be  expected 
t o  decrease combustor deposits because (1) the increased scrubbing action of. the air on 
the  liquid  fuel decreases f ~ e l  residence time on the m s ,  (2) less fue l  impinges on 
the liner walls, ana (3) the erosion of deposits I s  greater. Conversely, the fuel re- 
circulation  increases  with  increase  in air velocity, and the greater amount of U q -  
uid fud in  the  dome may increase depsits. The relatLve importance of these tiif- 
ferent  processes i s  not ham. Data of referenceR 14 19 (full-scale single 
tubular atomizing conibustors} show an increase in deposits as the  velocity WRS in- 
creased. Information  presented i n  reference 17 for & small-scale tubular atomizing 
combustor intiicates a decrease i n  deposits as velacity wa8 increased. Data shown i n  
figure 122 indicate  that, dependbg on the fuel-air ratio,  there will be either sn 
increase, no change, or a decrease i n  cordbustor deposits Kfth increasing  inlet ve- 
locity, which i s  proportional t o  mass air flow. It is apparent that the effect of 
inlet velocity on canibustor deposits is  simila to   the inlet-&-temperature  effect. 
Depending on the  operating  conditions and conibustor  geometry,  combustor deposits may 
increase  or  decrease  with  increase i n  velocity. 

Fuel-air ratio.  - "ease in fuel-air ra t io  of fuel flow should  increase' com- 
bustor deposits  because of higher local fuel-air rat ios  and the increased amount of 
residual wall fuel. The increased primary-zone temperature resulting from the in- 
creased fuel-air ra t io  should cause either an increase i n  deposits through increased 
thermal cracking or a decrease i n  deposits because of increased burning and erosion 
of the deposits. Investigations  reported i n  reference l3 (small-scale fuel- 
vaporizing  tubular conitmator) and references 14 and 19 (full-scale single tubular 
cordbustors) indicate a general  increase i n  conbustor deposits  with  increase in   fue l -  
air r a t i o .  Data presented i n  figure 123 show an increase Fn t o t a l  conibustor deposits 
with  increase i n  fuel-air r a t i o ,  with all other variables constant except, of course, 
exhaust-gas temperature. However, deposit w e i g h t  per unit of fue l  is constant with 
increase i n  fuel-air ratio.  Data shown i n  figure 122 also indicate an increcme i n  
combustor deposits with increase in fuel-air  ratio. 

Run time. - The  amount of deposit i n  a corbustor depends on the  length of the 
run time. However, because of increased burning and erosion of deposits as the de- 
posit  quantity  increases,  deposition rate remaining constant,  the rate of deposit 
build-up  decreases, and f inal ly  at some value of run time a mnxj,, qpantity of  de- 
posits is obtained. This tendency is shown i n  figure 124. 

Summary of effects of conibustor design and operating variables. - In summary, 
it is  noted that certain changes i n  c&ustor design and inlet v~rlable~ affect com- 
bustor  deposits in the way ex&cted. For example,-increesed %ir washn along the 
Lfner w a l l s  or injection of vaporized fuel caused a decrease i n  amxmt of deposits. 
Increases i n  Met-air pressure and fuel-air ra t io  both genera l ly  ceueed increases 
i n  coke deposits. Deposit w e i g h t  increased  with run time un t i l  an  eqpilibrium level 
was reached3 the rate of erosion and burning becomes approximately equal to   the  dep- 
osition rate. Increases in inlet-air temperature or velodty,  or both, w e r e  expected 
to decrease  deposits. .However, results w e r e  conflictingj i n  some cases  &posits in- 
creased and i n  others  decreased as air temperature was increased. If the air tem- 
perature was enough (>850° F), Uttle degasit WRE formed. me i a e t - a - m c i t y  
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effect  on- deposits was s imi la r   to   the  temperature  effect3 depending on the  operating 
conditims and couibustor design, the deposits either  increased or &creased  vith  in- 
crease in   veloci ty .  

Effect of Fuel  Characterbtics on Coke Deposition 

A substantial  quantity of data has been  obtained by mmerm investigators &- 
scribing  the  effects of variOue.fue1  properties on conduetor deposit~. Since all 
inlet  variables  or.:operating  conditions can be maintained relatively  constant, the 
direct   effect  of  ftiel type on combustor deposits can be determined. 

Volati l i ty.  - It is indicated  eaxlier in this chapter that coaibustor deposits 
are  smaller  with  gasoline-type fuels than  with  higher-boiling fuels. This result . 
is i n  agreement with  the  supposition  that more easily vaporlzed fuels should  produce 
lees combustor deposits  because of the  decrease i n  fuel residence time. Other data 
that substantiate this theory  are  given in references 9 and 19 (full-scale single 
tubular combustors), reference 20 (small-scale  tubular combustor), and reference 21 
( f u l l - s a e  cumbustor, l%-in. aFam.). For .example, information  presented 
i n  figure 125(a) share a considerable   increue  in  combustor deposit with increase i n  
the volumetric  average  boiling temperature (decrease in   vo la t i l i t y )  at constant 
hydrogen-carbon weight ra t io .  IIIhis reeult   suggests  that   decreuing  the Liquid-fuel 
residence time on the   l iner  w a l l s  results in decreased combustor deposit8;" Hence, 
it would seem that   the   use of vapor fuel wouLa eliminate  deposits. Eowever, ae in- 
dicated  in  reference 22,  some deposits were obtdned on the vapor-fuel  nozzle and 
in the- combustar &me when a vapor fuel (propane) w a s  used. These depoeits were 
formed during  incomplete conibustion of the  Fuel   in  the complete absence 0f.a liquid 
phase. . .  . . .  

3 

. -  
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Fuel  composition. - The.effect of hydrocsrbon type or composition on the  tend- 
ency of diffusion  flames t o  produce smoke i s  presented  in  chapter IX. The fie1 - 

types  in  order of decreasing  tendency t o  smoke are naphthalene and mbetituted 
naphthalene CompounaEI, momatFcs, alkynes, olefins, and nOrmal paraffins. The 83~1-  
matics  are about 1 2  times a6 smoky as the  olefins and about 24 times as smoky as 
the normal paraffins. Nap.hthalene, with i t s  high smoking tendency  wouldbe expectecl 
t o  cause large E U I N Y U I ' ~ ~ ~ ~  combustor deposit. Data of reference EL (full-scale anma- 
lar combustor, L%in. Cum.) show that l39 ~ a m e  of coke was obtained  with a mixture 
of a- and  monome methyl naphthalene 88 grams w i t h  triisoprapylbenzene, 34 
grams with benzene, and 2 wit6 E normal paraffin fuel. O t h e r  investigators 
have shown that aromatic-tgrpe fuels g e n e a U y  cause a &rge.amounz of coke deposit. 
Some of this data is reported i n  references 9, 23, and 24 (full-scale single 
tubular combustors) and references 12, 20, and 25 (Ema..l.l-Scale tubulas combustors). An 
example of these data i s  shown i n  figure 125(b), where t k  combustar deposits  inc=ase 
with increase i n  aromatic  content for conatant values of volumetric merage evaporated 
temperature.  Some investigators have surmised that the highest-boiling  fraction of 
the  aromatic portion may be causing much o f  the combustor deposits. Information 
presented In  reference  12  (small-scale  tubular conibustor) shows that couibustor de- 
po6its  incre=e.as  the  percentage of WODEbtiCS boillng above 420° F increaees. Haw- 
eve r ,  the  quantity of coke deposits w a s  not necessarily  the same for W f e r e n t  types 
of fuels that had the.6-e  percentage of .srgmatics boLling above 4200 F. 

3 

Information  concerning the  effects of normal paraffine,  isoparaffine, and cyclo- 
paraffins on combustor deposits  .Indicates that thege  afr-ent fuel types have &)out 
the same coke-forming tendencies and that the amount deposited is appreciably less 
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than that obtained from aromatic-type fuels. As sham  in  chapter IX, except f o r  
the normal paraffins,  olefinic-type hydrocarbons have the lowest values  of smoking 
tendency. Iri epi te  of these low values, l a g e r  deposits could possibly form because 
of  the polymerizing characterist ics of  olefins. HQwever, data from investigations 
reported i n  references 9, 23, a d  26 (full-scale single tubular confbustors) and ref- 

erence 18 (full-scale annular conbustor, 1 w i n .  dim.) show that the quanzity of 
deposits  obtained  with  olefinic  fuels  ia simflar t o  that obtained from paraffin 
fieb of the  same boiling range. One investigator (ref. 2 7 )  reported heavy deposits 
i n  a f u l l - s d e  single tubular coaibustor f r o m  a fuel containing a considerable amauzlt 
of diolefins.  Unreported  investigations conducted i n  a full-scale single tubular 
co&ustor dth a fuel blend consisting of 50 percent 3p-3 fuel and  50  percent di- 
pentene shoued an increase of about 25 percent i n  couibmtor deposits  over  those ob- 
tained  with Jp-3 fuel alone. For the  same operating  conditions, an aromatic  fuel 
blend  with  an  average  boiling  point of about 380° F caused an increase  in  deposits 
of &out 230 percent  over  those  for JP-3 fuel. 

3 

Nonhydrocaxbon fuel compneuts. - Bulfur compounds and gum are minor nonhydro- 
carbon components present  in petroleum-derived  aviation fuels that   can have an ef- 
fect on conibustor deposits.  Investigations conducted t o  determine the  effects o f  
sulfur on conibustor deposits  indicate  that   the  quantity of s u l f u r  in the  fuel can 
be increased a considerable amount above the  present  specification MIL-F-5624C max- 
imum of 0.4 percent  before an appreciable  increase in  deposits is obtained. R e s u l t s  
of some of these (full-scale single tubular canibustor) hvest igat ions are shown i n  
the following table: 

Fuel 

Straight- 
run 
kerosene 

content 

Rone 0.05 
.5 
1.0 
3.0 

4.1 
3.1 
5.0 
7 %  2 

m-F-sa 

MIL-F-5624A 
grade Jp-3 

Ifone 
Thiophene 
Thiophene 
Disulfide 

o i l  

None 
Disulfide 

D i s u l f i d e  

None 
M i x e d  butyl  

mercaptans 

o i l  

Oil 

0.034 
2.3 .39 
3.1 

1.2 .91 
1.00 3.6 

0.04 
.55 

1.03 

.04 
1.05 

7 . 0  
8.8 

8.4 

5.6 
6.5 

Ref'er- 
ence 

28 

1 
26 I 

It is noted  that   the Bulfur content of a fuel can be increased t o  1 percent  or more 
before a significant  increase in  conibustor deposits is obtained. Thiophene added 
to a fuel i n  amounts of 1 and 3 percent (0.39 and 0.91 percent sum) actually 
caused a decreetje i r i  deposits. 



The majority of investigations that have  been  conducted t o  determine the effect  
of gum, either  existent or potential, on combustor deposits show> i n  general, that 
the  specification MIL-F-5624C limits of 7 and 14 milligrams per 100 mL1U- 
liters of m e 1  may be increased several times before an appreciable effect 
on combustor deposits is obwned.  The fol loving data w e r e  obtained from some of 
these  investigations: 

" 

Fuel Reference Weight of Conibustor mg/zml deposit, 
Existent  Potential g 

MTL-F-56Z4A, 

I 15.4 560 165 tubular 
14.7 445 77 s u e  gra& Jp-3 

26 12.6 I2 7 Full-scale 

MIL-F -562411, 
2.6 Lo3 95 single grade JF-3 
2.1 12 9 Full-scale 

tubular fuel- 
vapofiziw 2l 

AN-F-58 28 4.3 3.5 6.5 Full-scale 
single 

4.1 25.3 2". 1 tubuls;r 
3.3 4.2 4.3 

34.1 i 4.8 55.8 

The existent and potential  gum contents w e r e  determined  by the A.S.T.M. Btandard8 
D381-46 and D525-46, respecti&Ly. It can be seen that a Large increase  in  gum 
content is possible  before any slgniflcant  increase In combustor deposits is  ob- 
tained. In the  data from reference 26, the  gum content-of  the fuels w a s  increased 
wtthout any appreciable change in   other  fuel 4 a r a c t e r l s t i c s .  Information  obtaineil 
f r o m  reference 29 showing the effect of "Lent gum content 02 fue ls  on &posits 
i n   m - s c d - e  tubular conitmetors (fuel-atomizing and fie1-vapqrIEin.g) i a  presented. 
i n   t h e  f ollarlng table: 

. . . . . - . 

L 

- 
The data indicate that an existent gum content of about 8 or 9 times  the maximum 
specification limit may cause lexge  increases in the deposits  in  the  vaporizlng- b 

cmbustor flame tube or liner and inside the vaporher tube. Information  presented i n  * 
reference 30 shows that the v a p ~ r i z ~ n g  tubes plugged aPter a b u t  I$ ~ O U S  of operation 
with a low-aromatic fuel with a gum content of 100 mil l igrams per 100 milliliters of 
fuel.  This plugging caused rough burning and unsatisfactory operation of the com- 
bustor. Continued combustion v l t h  a plugged vaporizer tube w o u l d  probably result in  
a complete tube failwe. 

. .  
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The effects on combustor deposits of changes i n  conibustor design and fie1 in- 
jectbn,  vaxiation in._conbustor inlet-air variables, and changes i n  fuel quaUty 
can be  qualitatively  estimated from dewsit fo-tion mechapFsmB previously pre- 
sented. From these  considerations, methode for decressing or  eliminating conibustor 
deposits can be proposed. 

Combustor design. - Any design changes in   the  codustor  that decreaae or  prevent 
liquid-fuel impingement on the liner walls decrease conbustor deposits. Among the 
design changes by which deposit  reduction may be effected are povisioas   for  (1) fuel 
prevaporlzation, 2)  fncreaaed "air wash" t o  the liner walls, (3) change of fuel- 
spray  angle, and t 4) liner temperatures either lox enough t o  prevent thermal decom- 
position of the fuel or  high enough t o  burn off the  depoeits. With fuel prevapori- 
zation, additional problems are encountered, such 88 plugging of vaporizing tubes, 
and these problems may overshadow the advantages of decreased combustor deposits. 
Increased "air wash" and changed fuel-spray angle may have adverse effects on combus- 
tion  efficiency, stability, or altitude  blowout. It w v  be impracticable 
t o  keep l iner  temperatures below the  fuel-deconqosition temperature, and very high 
l iner  temperatures  shorten liner W e  (ref. 18). It is appwent that the fid com- 
bustor  design must be a compromfse involving seve ra l  factors, and combustor coke 
deposition is only one of  these factors. 

Fuel-quality control. - C o m b u s t o r  deposits can be greatly affected by  choice of 
fuel. As previously shown, deposits  generally  increase as the state of the fuel is 
varied from vapor t o  liquid and ea the type of the fuel is varied from high t o  low 
volat i l i ty  or from pmaff in  to  arromatic. From the  stwdgoint of reducing combustor 
depOSit6, the vapor fuel m l d  be best. As previously mentioned, the  special equip- 
ment needed t o  obtain vaporized fuel may be sensi t ive  to  coke deposits. Eowever, 
contimted research may overcome this problem. High-volatility fuels cannot be used 
i n  aircraft because tank  losses due to fuel boiling and slugging become excessive 
(ref. a). For liquid-fuel-atomizing combustors, the  paraffin-type  fuels cause less 
deposits than aromatic.fuels. However, the  availabil i ty of paraffin o r  nonaromatic 
fuels is limited. It can be seen that the final fuel will be a qromise  depending 
on the mount of importance that is a8signed t o  the various  considerations. 

Fuel U t i v e s .  - Another meane of reducing combustor deposits is by  use of 
fuel  additives.  Additives  effective  in reducing or eliminating coke from commercial 
f'urnaces and D i e s e l  engines may a lso  be eflective  in  turbojet corribuators. Data of 
reference 32 (full-scale  single tubularr codmstor) show a decrease in  deposits when 
small amounts of tetraethyl lead were added to   t he  fuel. Deposits decreased abou-b 
45 percent  with a lead concentration of about 0.002 percent. Ftrrther increases in 
lead concentration  eventually cause 811 increase in deposits  because of increased 
amunts  of lead oxLdes.  With the need of Jp fuels and military aviation gasoline 
i n  a national emergency estimated as &out 1,OOO,OOO and 300,oOO barrels per dsy, 
respectively,  the  metalllc  lead needed per day for Jp fuels (0.002 percent  by  weight) 
would be &aut 2$ tons and lead r e q u b d  f o r  aviation  gasoline (4.6 m l  !EL/&) would 
'be 55 tons per day. Other addftives that reduced deposits w e r e  lead naphthenate, 
secondary aalylnitrate, and  commercial fuel-oil  a d d i t i v e a  (refs. 16, 32, and 333 full- 
s& single tubular conkustors). In  amall-scde combustors (ref's. 34 t o  36), the 
decreases i n  deposits w e r e  negligible wlth additives such &B lead naphthenate, U.O.P. 
Inhibiter No. 5, eqylnitrates, ditert iary  butyl peroxfde, and a ccnmnercial additive. 
Aviation tetraethyl lead i n  a concentration of 4 cubic  centimeters  per gallon (0.12 
percent lead by weight) caused a considerable increase i n  deposits  because of the 
lead deposits  addedto &e coke. Reference 37 presents data for a bxge mer of 
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addi t ives   tes t& in small-scale  atomizing and vaporizing combustors. The a d d i t i v e s  
consisted of halogen conrpounda, antioxidants, organou&alllcs, s i l icates ,  carbonyl8 
high-molecular-weight  organics, and w a t e r .  Tetraethyl lead (0.01 percent by volumej 
and iron  pentacarbonyl (0.1 percent  by volume) w e r e  the only  a d d i t i v e s  that caused 
any appreciable  decrease in combustor Liner deposits, and water vw the only addi- 
t i v e  that caused a decrease of fuel-vcagorizer-tube in te r"   depos i t s .  

The r e m l t s  of various  investigations  to decrease ccmibustor deposits  by  special 
fuel additives are not  conclusive e m &  at the  present time t o  determine whether 
the  advantages are suf f ic ien t   to   o f fse t  such  problems as storage stabi l i ty ,  delete- 
r ious  effects  on engine fuel system and hot  engine psrts, and perhaps availabil i ty.  
The over-all  benefits must be determined by further research. 

As previously  indicated, smoke formation in   tu rboje t  combustion I s  less import- 
ant  than is coke deposition. There is no m e w a b l e  loss in performance due t o  
smoke, and, i n  fact, operating  conditione conducive t o  smoke formation are the same 
conditions  that  yield  generslly high combustion efficiencies.  For this reason, k6s 
work has been done i n   t h e  f ield of smoke research i n  full-scale engines and i n  ei-e 
conibustors than has been done in   the  s tudy of coking. The reverse ha8 been t r u e   i n  
bench-scale  experimentation (ch. IX) . 

Bench-scale studies  reported  in  chapter IX have shown tha t  smke can be formed 
only i n  a fuel-rich environment. !I!he primary zone in   tu rboje t  combustors certsinly 
contains  local areas that are  fuel-rich under most operating  conditions, and it is 
l i k e l y  that smoke is often  generated in considerable  quantities. The fact that 
emoke is not found i n  mch higher concentration6 i n  the turblrjet exhaust  indicate0 
that much of t h i s  mater- is consumed i n  passing through the  burner. This theory 
is  confirmed  by electron microscopy S;tudLes of turbojet  smoke (ch. IX). 

I 

Smoke formation  has  been  determined qualitatively in full-scale engines and 
single couibustors by v i s u a l  observation. Gmoke has been  determined qIuantitatively 
by   e i ther   f i l t ra t ion  and optical  measurements or by collection and  weighing. In 
t h e   f i l t r a t i o n  method, the exhaust is passed  through a fF l te r  at a given r a t e   f o r  
a given time, and the darkening of the  f i l t e r  is then determined  by either  visual 
rating  or  by  optical  methods. This method yas wed in-references -X, 14, 20, an8 .. 38. In  references 27, 39, and 40, the smoke was trappedby  bubbling  the exhaust 
gases  through water, and the smoke was  weighed after f i l t r a t i o n  and drying. There 
has been no attempt to   report   absolute  smoke values by  either method; the data only 
indlcate the effect obtained when a smal l  and unreported f ract ion of the  exhsust 
gas i s  sampled. Coqpezison between ldboratories an an absolute basis is obvimmly 
impossible, and t h e  results reported  herein are given only 88 trends. 

Effect of Operating Yariables on Smoke Formation 

A systematic study of the   effect  of i n l e t  varias3les on smoke production waa 
made in a full-scale  tubular conbustor wing the  filter-darkening  technique (ref. 
33). With a typical  .JP-3 fuel,   the exhauet smoke increased from two- to tenfold as 
the  inlet pressure  increased from 35 t o  65 inches of mercury absolute. The con- 
t rol led  var iables  w e r e  fuel type, inlet temperature, fuel-& r a t i o  and inlet& 
velocity.  This  effect of a marked increase i n  smoke with 1ncreasir.g yessure ie 
also reported  in  reference 14 for  pressures up t o  350 fnches of twi... ...cy kbsolute . 
and in reference 13 for pressures up t o  150 inches of mercury abstl! ... . This ef- 
f e c t  of pressure i s  ab30 fu l ly  confirmed i n  the bench-scale work r c - . ; = : I . k d  i n  ref- 
erence 11 and by the fact that,  in flight, turbo jet-powered airc&~ -cave the 
heaviest smoke trails at  low al t i tudes.  
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With the  other variables constant, it WES also sham  in  the work of reference 
39 that smoke production  increased from two- t o  four fold as the Atel-air r a t i o  in- 
creased from 0.008 to  0.016. Above a fuel-air   ratio of 0.016, there WBB a sl ight  
&crease in smoke up to a fuel-air r a t i o  of 0.022. In the tests of reference 13, 
fuel-air ra t ios  were vsriedup  to 0.015 and in the   tes ts  of reference 20 up t o  
0.020. In both  cases, the smoke production  increased w i t h  increasing  fuel-air  ratio 
up to  the  highest  ratios  tested. These values are o v e r - s l l  fuel-air ratios, and the 
smoke was obviously formed in  much richer mixtures. Bench-scale data  plotted in 
figure M-4 show that smoke continually  increases  with  increasing fuel-air ra t io .  
In  general,  there is agreement that smoke increaaes with increasing fuel-air ratio.  
The s l ight  decrease at higher ratios reported i n  reference 38 is accounted for  by 
the  probability that increasing flame length at high fuel-&.ratios consumed a 
large fraction of the smoke that was i n i t i a l ly  formed. 

Both reference6 13 and 38 show that smoke formation is substantially independent 
of  inlet-air temperature  over the range between Looo and 4ooo F. This resul t  is in 
full agreement wtth the bench-scale work reported i n  reference 41. 

It is difficult to fully i s o l a t e  the  effect of inlet-air  velocity as a variable 
i n  reference 38 since  other air parameters vary simultaneously. However, it appears 
that  smoke increases  slightly  with increasing vc:locity at low f'uel-air ra t ios  and 
decreases sl ightly with  increasing  velocity at high fuel-- ratios.  Reference 13 
shows a considerable  decrease i n  smoke with  increasing  velocity at low f'uel-air 
ratios,  but  the date are few and scattered. The effect of inlet-air velocity on 
smoke w o u l d  be expected t o  be a function of conibuetor  geometry, but l i t t l e  agreement 
i 8  l ikely between investigators regexding this  relation. 

Smoke tegts have been made on a full-scale engine running at near-sea-level 
conditions  with a JP-3 fuel  [ref. 38). Engine speed and exhaust-nozzle area were 
the  controlled variable8 and fuel-& ra t io  aad inlet-air pressure,  temperature, and 
velocity were the dependent .var iables .  Because the various inlet parameters cannot 
be  independently varied i n  full-scale-engine  testing,  the independent effect  of the 
parameters on smoke cannot be determined. In the  teste of reference 38, smoke in- 
creased 3 t o  4 times as e a n e  speed  increased f r o m  5300 t o  8OOO rpm. Smoke in- 
creased t o  a lesser extent as nozzle area w a s  decreased by 33 percent. The changes 
in e&ne operating  conditions that increased smoke also incrsased Arel-air ratio, 
pressure, and tenperature. It seems probable that increases id  fuel-& ra t io  and 
pressure w e r e  the main factors  contributing  to  increased smoke, a theory confirmed 
by the  obeervatiom from both  bench-scale and single-canibustor studies. 

Effect of  Fuel &ualltg on smoke Formation 

A emall aamunt of work has been done in  several  laboratories  relating smoke 
farmation t o  fuel  quality. Four fuels of low arcmatic  content  but of varying vola- 
t i l i t y  w e r e  tested in a full-scale single coributor  (ref. 38). As fuel vola t i l i ty  
increased, the maxim values of smoke density did not change appreciably, but the 
fuel-& r a t i o  at which me;xirmun smoke w a s  produced shifted t o  lower ratios. Data 
presented i n  references 19 and 20 and chapter IX inaicate  that smoke formation is  
less dependent on fuel volatiUty  than on other fuel factors. Chapter M shows 
that smoking tendency does not V a 3 y  greatly #fth molecular weight i n  the range of 
moleculm w e i g h t s  covered by the usual petroleum-derived fuels. However, the  effect 
of hydrocarbon type on smoke production' is quite pronounced, the aromatic fuels 
fielding  considerably more m k e  than the nonexomatic ones. References 19, 20, and 
40 show this ef fec t   in  conibustor studies, and chapter IX shows it for  bench-sale 
flames. 



Liner coke i s  qui te  depenaent on both  the. hydrocarbon type and the   vo la t l l l ty  
characterist ics of fuels, the  latter preeumably being important  since it re l a t e s   t o  
the  residence t i m e  of liquid fuels on combustor x a l l s .  Smoke, on %he other hand, 
is largely dependent on hydrocarbon type but is l i t t l e  affected by fie1 volat i l i ty .  
Therefore, a poor correlation might be expected  between the coking and smoking tend- 
encies of fuels, and t h i s  poor correlation is, in fact, noted in  references X), 27, 
and 40. 

E V ~ A ! F I O N  OF FUE& DLEPOSIT-FORKCNG CHARACTERISTICS 

Since  the  influence of fuel  guali ty on coke &position is a matter of consider- 
able Lmportauce affect ing  the performance and reliability of turbojet  englnes, it 
would be desirable to have Labmatory  teets that could  be  used to  evaluate and con- 
t r o l  the quality of such fuels. I n  general,  the most accurate deposit-forming 
evaluation of fuels i s  made by operating complete engines under service  conditione. 
This apgroach is prohibitively expensive,  and easier methods have been s0ue;ht. 

A fairly close approach to   the  prototype testing of turbojet  fuels has  been 
made by taking single combustors from full-scale engines  and using these i n  
connected-duct- f a c i l i t i e s .  A coneiderable amount of &posit-formation work has 
been &ne i n  such test units.  In order   to  determine whether resul t8  of tests with 
s ingle   ful l -scale  conibustors can be related to  full-scale-engine coke deposition, 
s e v e r a l  full-scale-engine t e s t s  w e r e  conducted. The f u l l - e d e  englnes were oper- 
ated on test stands (refs. 2 and 4) .  Results of some f l i g h t  test data are also 
available and can be used  for comparison (appendix B af ref. 1 and refe.  3 and 6 ) .  
The resu l t s  show, i n  general, a good relat ion between deposits i n   fu l l - s ca l e  eingle 
Conibustors and full-s&KLe enanes.  -eve?; eve%-TiiU-scale single-couibustor teet-  
in@: i s  too cos t ly   i n  terms of facilities, pwer, fuels, and time t o  permit i t 6  use 
for   the  control  of fuel   qual i ty   by manufacturers. 

Therefore,  considerable  effort  hss gone into  the development of e i ther  a simple 
bench-scale test wbich will correlate  with  the performance of fuels in  engines o r  
the  correlation of other easily determinable fuel properties  with  full-scsle-engine 
performance. Since l i t t l e  quantitative  full-scaLe  engine data are.available on the 
coke-forming tendencies of turbojet  fuels, mch of this   effor t   has  been  toward cor- 
rehang bench-scale results x i th   the  results f m m  single-couibusfor testing. There 
has been no complete agreement concerning t h e  best correlat ing  teet .  The following 
discussion describes the  progress  that  has been made t o  date. 

Correlation of Fuel  Properties With Coke Deposit  Formation 

Certain fuel characterist ics and related properties are considered to   a f f ec t  
coke deposits. These include hydrogen-carbon rat io ,  aromatic  content, A.S.T.M. 
d i s t i l l a t i o n  temperatures, gravity, and aniline point. These properties have  been 
used singly and i n  conibinatione to   help  indicate   the coke-forming tendency of a fuel. One drawback t o  the we of fuel proper t ies   to  relate combuetor depoeits  to 
the fuel is that   these  properties do not give any indication of the  effect  of special  
fuel  additives on deposits. 

FIp7rogen-carbon r a t i o  and volat i l i ty .  - Early inveetigators  at temted to relate 
the caxbon and hydrogen contents of a fuel and some measure of i t e   v o l a t i l i t y   t o  
conibustor deposits.  Deposits from several  fuels  obtained in a small-scale combustor 
(ref. 20) w e r e  empirically related t o   t h e  fuel as follows: 

- . 
1 
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where 

c1 . . . c4 constants 

4% 
T A.B.T.M. 10-percent d i s t i l l a t i o n   h n p m t u r e ,  ?F 

r a t i o  of carbon atom3 t o  hydrogen atoms 

The fuels varied from lox-boiling  or  high-volati l i ty  cycloparaffins  to low- 
vola t i l i ty  aromatics, and also included high- and  low-volatility fuel blends. In 
general,  the conibustor deposits  Increased with an increase in the  value of equation 
(l), 8lthough a considerable scatter w a s  obtdned. 

The 1oge;rithm of t h e  co&ustor-deposit  values obtained f r o m  19 fuels (ref. 213 

f u l l - a c d e  annular c d u s t o r ,  log-in. aim.) were empirica- related t o  the fuels 
by a factor  desi&pated as the  EEACA K factor  end s h m  as 

- 3  

Log of  combustor deposits = a + b IC ( 2 )  

where 

a,b constants 

t VoIxmetric average  evaporated temperature, OF 

H/C hydrogen-caxbon w e i g h t  r d i o  

The fuels consisted of  high- and low-volatility par&'fins, oldins,  aromatics, and 
fuel blends. Examples of the   re la t ion  of the  HACA K factor   to   deposi ts  of eous 
fuels obtained i n  a small-scale tubular corcihstor, a full-sde single tubular com- 
bustor, and a full-scale t&tular combustor engine are ahown i n  figure 126. The 
deposits from most of the  fuels can be eStLmated by this   re la t ion,  etlthough some 
fuel deposits show wide m i a t i o n s .  

Aromatic content and volat i l i ty .  - Both t h e   t o t a l  aromatic  content of a f u e l  
and the  aromatics boiling above 4000 o r  4200 F have been ueed in attempts t o  relate 
combustor deposi ts   to  fuel properties. Some of this type of data is presented in 
references 12 (small-scale  cornstor) and 23 (full-scale single conibustor). The 
full-ecale-comhstor h t a  show a re- increase in deposita w i t h  increase in t o t a l  
a r m t i c  content. Although the small-acaJe-conibustor data indicate an increase i n  
deposits with aromatics and aromatics b o w  above 420° F, t h e  increase does not 
show m y  regular trend, and different fuels with  the seme aromatic content  gave dif- 
ferent dewsit values. 

Other investigators have used aromatic  content of fuel and some m e s s u r e  of 
vo la t i l i ty  as a m e a n s  of relating canibustor deposits t o  the  fuels. For example, as 
sham in reference 23 (full-scale single tubular combustor), the  logarithms of the  
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conibustor-deposit  values of several fuels ere plot ted against the  percentage of are- 
matics by weight plus one-tenth of either the 80- or 9O-percent A.S.T.M. distilla- 
tion  temperature. The combustor deposits of some f'uels can be  estimated  with reaeon- 
able accuracy by this   re la t ion3 however, vide variations we obtained  Kith  other 
fuels. 

Volatility,  density, and aniline-gravtty  conatant. - Fuel  properties such aa 
specif ic   gravi ty   or  dewity, volatility, and aniline point are earrily determined and 
therefore are desirable  for w e  in a bench or control test t o  determine the combus- 
t o r  depsit=f'orming tendency of fuels. mta of reference 19 (full-scale single 
tubular conibustor) show how couibustor deposits of s e v e r a l  fuels  vary with m o l a l  
average boiling point of the  fuel and U n i v e r s a l  Oil Products (U.O.P. ) characteriza- 
t ion  factor .  

(%PI3 
U.O.P. factor  = 

Sp.gr. 6Oo/6Oo F 

where " - 

!I+, mean average boiling  point, % 

There is a general trend of increased conibuator deposits with decreme in U.O.P. 
factor,  although some fuels vary *om this trend. llnformation presented i n  refer- 
ence 40 for  a full-scale single  tubular combustor also shows a similar re lat ion of m 

combustor deposits  to  the U.O.P. characterization  factor. 

The  U.O.P. characterization  factor,  the hydrogen-carbon rat io ,  and, t o  some 
extent,  gravity are all re lated  to   the  aromatici ty  of a f'uel.  Therefore, different 
combinations of these vaxioua fuel prpperties  should  glve about the same trend of 
deposits  with fuel. 

The aniline-gravity  constant (product of the  anil ine  point In '?F and the A.P.I. 
gravity) is  another Azel  property that has been used t o  rate fuel8 for   the i r  coke- 
forming tendencies {ref. 1, full-scale single tubular conibustors). With t h i e  fuel 
property  there was xi& variation in the data. 

The A.P.I. gravity has been used t o  estimate the coking  tendency of fuels. 
Data presented. i n  reference 1 (full-scale  single  tubular combustors) show examples 
of a general  decrease in deposits  with  increase i n  A.P.I. gravity  (decrease i n  sp. gr. ) and other examples where t h i s  trend is  not so evident.  Data of reference 42 
show a regular decrease i n  deposits  with  increase i n  A.P.I. gravity. 

LtLboratory Measurement o f F u e l  Coke-FarmFng Characteristic8 

There  does  not &- t o   b e  a chemical o r  physical or  combination  chemical- 
p,h~eical  property -& a fuel that consistently give an accurate estimation of 
the  coke-forming  tendency of a fuel. Therefore, inVe6ti&€CtiOnfI were conducted t o  
determine  whether some tyye of laboratory combustion test would give a satisfactory 
coke-forming ra t ing  among fuels. 

The investigations IncLUded smoke-hqp, fhne-plate,  and small-pot-burner 
methods. Although small-scale conibustors could be classed as laboratory ewpment, 
fo r   t he  data presented  herein,  they a r e  discussed along wlth the  full-scale 
combustors. 

T 
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Smoke-lamp method. - One- simple bench test that has been  used  by s e v e r a l  in- 
vestigators is  the  fuel smoke-point determination by some type  of smoke lamp. A 
simple WFCg lamp i s  used t o  determine the maximum height of a smoke-free flame of 
a particular  fuel.  The different  types of lamg knd t e s t  procedure are described i n  
chapter M. The. smoke point is defined aa the maximum height of a smoke-free flame 
i n  millimeters h; smoking tendency of a fuel is  defined aa F. Information 
presented  in  references 1 (full-scale  single  tubular conibustors)  and 12 ( s d l - s c a l e  
tubular conibustor) shous a trend of increasing deposits v i th  decrease i n   t h e  smoke 
point; however, there is considerable  variation  in  the data. The average devia thn  of 
some of the  deposit data of reference I from a curve faired through the data is about 
16 percent. ' The data from reference l2 indicate an  average dedat ion  of about 60 per- 
cent. An example of some of  these data is given i n  figure 127, which is a plot of 
smoking tendency (320/h) and combustor deposits of 16 f i e l a  t e s t e d   i n  a full-scale 
single  tubular conibustor. This  figure  indicates some re lat ion between smoke point 
and combustor deposits,  although some of the data show wide variations. The  smoke- 
poin t   t es t  is not affected by s& amounts of  special  fuel a d d i t i v e s  (ch. IX), but 
combustor deposlts may be decreased by addition of s m a l l  amounts of these same 
additives. 

In   an  a t tempt   to  elimimte va r i a t ions   i n  the data, investigators have includkd 
the b o w  point of a cer tain  f ract ion of the  fuel or  a c&ain function of  the  
boiling point. Data i n  reference 43 show the   re la t ion of combustor deposits ob- 
tained  with 16 fuels i n  a Full-scale annul- confbustor ( l a i n .  dim.) t o  a function 

of boilfng  temperature  md smoke point. A somewhat different re la t ion  is presented 
in  reference 44 (small-scale tubular combustor) relating combustor deposi ts   to  a 
function of smoke point and boiling  point. Coke deposits are related t o  

8 

100 (Volume percent  boil- 
0.1 (go-percent distil- ing &ova 4000 F 
la t ion  temperature, "PI t. Smoke point of F?el boil- - smoke point, mm (5) 

ing sbove 4ooo F, mm 

The average  deviation of data f r o m  a faired curve was about 21  percent  for the an- 
nul- combustor (ref. 43) and about 14 percent  for  the small-scale couibustor ( ref .  
44) 

The following  relation  for Smoke Volat i l i ty  Index (SVI) (ref. 15) has been used 
with some ~ u c c e s s   t o  determine which fuels will produce above average 8moullt-s of 
conibustor deposi ts   in  full-scale engines: 

volume percent of fuel boiling  under 400° F 
A.S.T.M. d i s t i l l a t i o n  temperature SVI = smoke point + 2.4 (6 1 

This re la t ion  is used  in  current  mili tary procurement fuel specification "F-5624C, 
grades Jp-3 and JP-4, t o  limit the carbon-forming  tendency of these fuels. The spec- 
i f ica t ion   requi res  that fuels have S K I  values greater than 54- Figure 3(a) of ref- 
erence 46 shows the SVI values of 21 fuels plot ted against deposits  obtained i n  a 
full-scale single conibustor. Iphe average  deviation  from e faired a r v e  is  about 27 
percent. Data sharing the relat ion of the SVI and liner  deposits  obtained in a 
full-scale.  single- fuel-vaporizing couibustor are given In reference 30. These data 
indicate a much larger  av-e deviation. 

Flame-plate method. - Another  bench test that hae been used t o  determine the  
coke-forming tendency of a m e 1  i s  k m m  as the  flame-plate test. Fuel is delivered 
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dropwise to  the  surface.  of a tared stainless  steel plate maintained at a constant 
elevat-ed  temperature.  .The vaporizet9 fue l  is ignited-  by a huneen.+rner  pilot, ana, 
after a specified amaunt of W.1 is burned, the  pl.ate is-r-eKeigh& . to  determine the - _ _ _  
amount of deposits. The apparatus and procedure are %re fully &scribed I n  refer- 
ences 12, 47, and 48. Results  presented i n  reference 48 show good agreement between 
the  deposits  obtained from the  flame-plate test and Gemsits obtained f r o m  the  same 
fuels tes ted ' in  a full-scale  single tubular conibustor. The effect of such f u e l  
properties as gravity,  percent  aromatics, and percent   a r .mt ics  boiling d o v e  420* 
F on flame-plate-deposit  quantity is shown in  reference 12. In reference 35, in- 
formation is  presented shoving the  effect  of special  Fuel additives on flame-plate 
deposits. U s e  of  tetraethyl. lead, U.O.P. InhibFtor-No. 5, and amylnitrate resulted i 
i n  decreased  flame-plete  depoaite of 50 t o  90 percent. Small amounts ~f te t raethyl  
lead and secondezy amylnitrate also reduced  deposits in   fu l l - sca le   s ing le  combustors. 
However, the effect of myhi i t ra te  and U.O.P. InhibiCor No. 5 on deposi ts   in  a small- 
scale combustor appeared negligible,. One draxfback t o  this bench test i s  the consid- 
erable amount of time  required  to complete the test (% br) .  
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Pot-burner method. - Another bench t e s t  apparatus that has been used t o  a l i m -  
i ted extent is the ''pot burner"  (ref. 49). Fuel is fed t o  a small combustion chamber 
a t  a known r a t e  and burns as it entere  the chaniber. The w e i g h t  of deposit is deter- 
mined by  weighing the  residue  scraped from the couibustion chaniber after a predeter- 
mined run  time. 

Summary of laboratory  tests. - I n  sumubxy, several laboratory and bench tes ta  
have been used  for  determining  the  deposit-forming  tendency of fuels.  The t e s t s  
included methods ueing the smoke point,  the smoke point  in  co&ination  with a par- 
ticular boiling point, a flame plate, and a "pot buruer. '' None of' the methods llated 
consis-ktrtly predicts the  combuetor-deposit-forming characterist ics of various fuels. 
However, a method that can be  used BB a f i r e t  gpproximation is the  smoke-point method 
with some function of the   d fs t i l l a t ion  temperature.  Thie type of t e s t  ale0 haa the 
advantage of requiring simple  apparatus and oaly a Uttle time for  the  determination. 
The  Smoke Volat i l i ty  Index defined  by  equstion (6) appears t o  g i v e  aa consietent rc- 
sults as do any of the rnethods. 

TO JXT-ENGINE FUEL SPECIFICATION AND COMBUSTOR DESIGN 

The informatioll-presented i n  chapters M and XIII indicates that coke i n  a j e t -  
engine combustor l i n e r  may be fonned from liquid-fuel  cracking on the  hot  l iner 
w a l l s .  The softer coke. in   the  dome appears t o  be a combination of high-boiling me1 
fractions and par t ly  polymerized  products mixed with a large amount of smoke.--- - 

A h igh-vo la t i l i t y   pa f f in - type   fue l  w i l l  cmse  the least deposits. Decrease 
in fuel vola t i l i ty  causes an increaee i n  couibustor deposits  but  has no significant 
effect  on exhaust smoke. Increase i n  aromatic  content of a fuel causes large  in- 
creases  in combustor deposits and also exhaust snioke. Minor fuel components, such 
as sulfur and gum,. have no effect  on conibustor deposits until   their   concentrations 
are considerably above the maximum permitted by present  fuel  specifications. 

Combustion-chamber inlet-air variables of pressure and fuel-& ra t io   came 
increases in combustor deposits and exhaust smoke; however, the  effects of conibuetor 
inlet-ai r  temperature and velocity on deposits  are  not  c-vclusive.  Future  turbojet 
engines w i l l  have higher inlet-&r pressures and ma8s air f h s i  .these are both con- 
dmcive t o  combustor-depoait formations. The higher maes air flow which r e w e  
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mre f u e l  cause an increase fi combustor deposits. B e h e  of these  considerations, 
it may be more prac t ica l  to use  special  fuel a d d i t i v e s  t o  hold t h e  depsits dam t o  
a tolerable  level.  In some hvest igat ions very Bmell m n t s  of t e t r a e t h y l l e a d  and 
lead  naphthanate (0.002 percent lead) caused a significant  decrease i n  conkrustor 
deposits. . .  

Any combustion-chaaiber and fuel-injector d e s i g n  that prevents  liquid fuel f r o m  
impinging on the  conibustor walls or  decreases the  residence time of l iqu id  Atel on 
the  hot  conbustor Uner w a l l s  xill decrease conibustor deposits. For example, in- 
creasing l'air wash" to liner waUs should decrease fuel residence time, and, therefore, 
combustor deposifs. Conibustion with a properly designed vapor-fuel-injection  system 
should be   re la t ive ly   f ree  of l i n e r  deposits. 

As previously  indicated, a high-volatiuty  parsffin-type  fuel #ill gfve  the 
least combustor deposits. However, considerations of avai labi l i ty   require   the 
f i n a l  fuel to be a blend of the  various  types. In an attempt to determine whether 
the deposit-forming *endency of various fuel blends can be related to fuel proper- 
t ies,   investigations were made of properties sua as womatic  content, ammatfcs and 
volat i l i ty ,  hydrogen-carbon ratio and volatility, density, and anilineigravity con- 
stant. O f  these  properties, a function of hydrogen-carbon r a t i o  and t h e  50-percent- 
evaporated  temperature seemed to give  the best re la t ion of fue l   p roper t ies   to  combus- 
t o r  deposits. .. - .. . 

Laboratorf-ad  bench t e s t  methods f o r  determining the  coke-forming character- 
istics of fuels  include  the smoke-point method with some m e a s u r e  of vola t i l i ty ,   the  
flame-plate method, and the "pot-burner" method. Tbe smoke Volat€li ty Index 

( smoke point -+ volume percent  boiling under 40O0 F A.S.T.M. d i s t i l l a t i o n  temp 
2.4 era+"p') 

seemed t o  be the  best method because of  the accuracy of the  results, the  simple 
equipment needed, and the  short  t i m e  required for the determination. 
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(a) On liner aft;er 2-hour r u n  w i t h  Diesel fuel o i l  (ref. 50). 
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Figure 117.  - Variation of conibustlon eff'lciency with fuel-air ratio 88 affected by 
coke formation on fuel nozzle of single tubular turbodet combuetor. Xnlet-air 
preSsUre, 6.1 pound8 per Sgusre inch abeolutei Inlet-dr temperature, 550' Rj 
air-flow rate, 0.457 pound per second (ref. 52). 
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L 

Figure ll8. - Coke deposita obtained in single tubular combustor 
d u r i n g  BO-hour teet m. Fuel, high-eromatic MILF-562811, 
grade Jp-3; engine conditians: altitude, 20,OOO feet; 9Gpercent 
normal rated engine speed; flight Mach number, zero (ref. 7). 
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Figure 119. - Altitude  operational limits obtained i n  clean 
single  tubular  combustor and in combustor containing coke 
deposited during 8O-hour test. Fuel, minimum-quality 
MtL-F-5624Aj esde JP-3 (ref'. 7). 
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(a) Small-scale conibuator. Inlet presaure, 48 inches of 
mercury absolute; t o t a l  ma88 air flow, 435 pounde per 
how; fuel-air ratio, 0.01331 JP-1 ruiel~ ti=, 2 
hours (ref. E). 

Figure 121. - Effect of' inlet-air temperature on coke deposition 
i n  tubular cambustors. 
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(b) Full-scale single combustor. Inlet reference  velocity, 78 
fee t  per second; combustor t e m p e r a t u r e  r ise ,  1165O F (ref. 18). 

Figure 121. - Concluded. Effect of inlet-air temperature on 
coke deposition in tubular canibutors. 
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Figure 122. - EfPect of CcmbUEtOr-iUkt ma88 air flow and fuel-air ratio on coke deposi- 
tion i n  small-scale tubular  cmbu8tor.  Combuetor-inlet prelssure, 20 pounds per square 
inchi Jp-1 f u e l j  run time, 15 minutes (ref. 20). 
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Figure 123. - W e c t  of fuel-air   ra t io  on carbon 
deposition in full-scale single tubular CW- 
bustor. Inlet-air t o t a l  pressure, 86.2 pounaS 
per square inch absolxtej combustor reference 
velmity, 78 feet per second; inlet-air temper- 
ature range, =go to %So Fj Jp-4 fuel; run 
time, 2 hours (ref. 14). 
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Figure 124. - mfec t  of nm time and fue l  type on coke &psi-  
t ion   in   fu l l - sca le  single combustor. Combustor operated at 
cyclic conditions  (ref. 28). 
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(b) I n  fu l l - sca le  single tubular combustor. 
Combustor-inlet air t o t a l  pressure, 53.9 inches 
of mercury absolute;   inlet-air  temperature, 271° 
F; f u e l  flow, 127.0 pounds per hour; fue l -a i r  
r a t io ,  0 -0123; run time, 4 hours (ref. 1) . 

Figure 126. - Continued. Ekffect of NACA K fac tor  
on coke deposition of several fuels .  
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(c) In f u l l - s c d e  single combustor and i n  ful l -scale  
engine. Single combustor -inlet total   pressure,  53.9 
inches of mercury absolute; inlet-air temperature, 
271° F; f ie1  f Low, 127 .O pounds per bur; fuel-air 
ra t io ,  0.0123. Full-scale engine cyclic mnrdng 
schedule, 15 rninutes at take-off speed and 5 minutes 
at idle Speed; t o t a l  xuu time, about 50 how8 (ref. 
2) 

Figure 126. - Concluded. E f e c t  of NMX K factor on 
coke deposition of several Rzels. 
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Figure 127. - Effect of smoking tendency on coke deposition of 
several fuels i n  full-scale single tubular combustor. 
Combustor-inlet total pressure, 53.9 inches mercury absolute; 
inlet  -air temperature, 271° F; fuel flow, 127 .O pmnh per 
horn; fuel-air ratio, 0.0123j run ti=, 4 hours (ref. I). 
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RA”m PERFORMANCE 

By A .  J. Cervenka and R. Friedman 

The ram jet is  basiaally one of the most simple types of aircraft engine. It 
consists only of an inlet diffuser, a combustion system, and an exit nozzle. A 
typical  ram-jet configuration is &own in figure 128. The engine  operates on the 
Brayton cycle, and ideal  cycle  efficiency d e p d s  only on t h e   r a t i o  of engine to 
ambient pressure. The increased engine  pressures are obtained by ram action  alone, 
and for   th i s   reason  the ram je t  has zero  thruqt a t  zero speed. Therefore, ram-jet- 
powered a i r m a t  m u s t  be boosted to f l i g h t  speeds c lose   to  a Mach number of 1.0 
before appreciable thrust is generated  by t h e  9Fne. 

Since pressure increases are obtained by ram action  alone,  combustor-inlet 
pressures and temperatures are controllea by the f l i g h t  speed, the ambient a k a -  
pheric  condition, and by the  efficiency of the inlet diffuser. These pressures and 
temperatures, aa functions of f l i g h t  speed and altitude, are s h m  In figure 129 
for the NACA standerrd atmosphere and for practical   values of difAraer efficiency . 
It can be seen that very vide ranges of canibustar-inlet temperatures and pressures 
may be encountered  over the rages of f l i g h t  velocity and altitude at  which ram jets 
mey be operated;  Combustor-met  temperatures w m  50O0 to l5W0 R and inlet pres- 
sures f r o m  5 to  LOO pounds per  square  inch  absolute  represent  the approxfmate ranges 
of interest   in  current couibustor development work. 

Since  the ram jet has no mving P&S in the  combustor outlet,  higher  exhaust- 
gas  temperatures  than  those  used in current turbojets are permissible. Therefore, 
fuel-& rat ios  equivalent t o  maximum rates of air specif ic  bqulse o r  heat release 
can be used, and, f o r  hydrocarbon f uels, this weight r a t i o  i s  about 0.070. Lover 
fuel-air   ra t fos  dam t o  about 0.015 may also be required t o  permit  efficient  cruise 
operation.  This f uel-air-ratio  range of 0.015 to 0.070 used in ram jets can be 
compared with the fuel-&  ra t ios  up to 0.025 encountered in current turbo jets. 

Ram-jet combustor-inlet velocit ies range from E O  to 400 feet per second. 
These high linear veloci t ies  combined with the re la t ive ly  low pressure  ra t ios  ob- 
tainable in ram jets require that the pressure drq through the  combustor be kept 
low to  avoid  excessive  losses in  cycle efficiency. It has been estimated that, for 
a long-range ram-jet engine, ea increase in pressure loss of one dynemic head would 
require a corqpeneating 1-percent  increase in combustion efficiency. Therefore, com- 
bustor  pressure-loss  coefficients  (pressure dzop/impact preseure) of the order of 1 
t o  4 are found in most current  engines. 

5 e  operating  conditions d e s w e d  i q o s e  major problems in the  design of stable 
and efficient ram-jet couibustion sgstems. This chapter  presents a eurvey of ram-jet 
combustor research. and, where possible,  points  out criteria that may be useful in 
the deeign of ram-jet combustion systems. 

Data Sources 

Ram- jet cordbustor perfarmance data have  been obtalned i n  connected-pipe, free- 
jet, tunnel, and flight tests. A connected-pipe fac i l i ty   (e .g . ,  ref. 1) consists of 

c 
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. 
a subsonic diffuser, a combustion  chamber,  and  an exhaust  nozzle conqected by suitable 
ducting to  air supply and exhaust puarp~. A free-jet   test   inetallation  (e .g., ref. 
2) consiste of a ram-jet  engine complete w ~ t h  s ~ ~ e r s o n i c  diif~ser ~n~tslled m- 
stream of a SLQECSOIILC nozzle. In e&sonic o r  supersonic  tunnel tests (e.g., ref .  - 
3), the r-jet  engine has been installed either  directly in the main air stream or 
damstream of a connecting air eupply duct. Ram-jet-combustor data have ale0 been 
obtained  with  engines  attached to subsonic a i rcraf t  (ref. 4), with free-falling 
engines drapped from high-flying aircraft (ref. 5), a d  with  engines launched by 
rocket  parer (ref. 6) . 

a 

Data Reduction Methods 

Conibustion efficiency, one of the most hportant performance parameters for 
evaluating ram-Jet combustors, is defined as the ra t lo  of the actual enthalpy r iee  
across  the conbustor t o  the theoretical heating value of the fuel. Combustion- 
efficiency data for a ram-jet  engine are  difficult  t o  obtain  directly from inlet  and 
exhaust-gas  temperature measurements because of the high  exhaust-gas  temperatures. 
For t h i s  reason, indirect methods  have been evolved whereby  combustion-chamber pres- 
ewes, engine thrust, or-  heat-balance measurements are reduced t o  give combustion 
efficiency. For applications where thrust measurements are obtained,  ram-jet perform- 
ance is usually expremed in  terms of impulse efficiency, which I s  defined as the 
ra t io  of actual  to  theoretical  specific impulse. 

Pressure method. - I n  the  pressure  methd,  the  increase i n  momentum of the 
gases fhiing through the combuetion chamber ie deter&& by me- of total-  and 
static-pressure maeurements. These pressures be related  to the temperature 
rise across  the combustor by the following comprerssible-fbw equation (ref.  7 )  : 

where 

A area 

g acceleration due to gravity 

P static  pressure 

R gas  conetant 

T t o t a l  temperature 

w weight flow 

r specific-heat  ratio 

y, average specific-heat  ratio between Etatic and tot& temperature at exhaust- ' 

nozzle throat 

L 

. 

'y 

f fue l  



NACA RM E53228 245 

st s t a t i c  ; 

4 conibustor ou t le t  .. 
. 

c 

I 

L 

t 

5 exhaust-nozzle throat 

Equation (1) i s  based ori a choked exhaust  nozzle w h e r e  the Mach number % is  1 
and the  temperatures at  the combustor out le t  aud at the exhaust-nozzle throat are 
assumed t o  be equal.  This  .equation i s  rendered mre exact if  the  nozzle  throat area 
is corrected by a afscharge  coefficient. 

Exhaust total-pressure measurements are also used to determine combustion mi- 
ciency directly vithout  calculation of exhaust temperatures by deflnlng cambustion 
efficiency by the relat ion  ( ref .  8) * 

where 

f/a f uel-air rat i o  

(f/a) f ideal fuel-& rata that would p r d u c e  same burner total.  pressure as 
actual  fuel-air r a t i o  

qb combustion efficiency 

The calculation of ( f /s)  is baaed on t he   f ac t  that a b  flows f o r  burning and non- 
burning conditions are the same f o r  an engine with a diffuser operating  supercriti- caw. Thus, total   pressure a t  the nozzle  throat  for  a-choked  exhaust nozzle is 
calculated by  compressible-flow equations s M h r  to equation  (I) .  By aesuming no 
change In total   pressure and teqerature between the conibustor ou t le t  and the nozzle 
throat, the r a t i o  of t o t a l  pressures for burning and nonburning conditions i s  ob- 
talned (refs. 8 and 9): 

'4, b 
'4, nb k + 2) 

wa 

where 

P total   pressure 

Subscript,S: 

b burning 

nb nonburning 

0 free 'stream 
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Tkcuet-measurements method. - Combustor exhaust t o t a l  temperat-s are also 
calculated from je t - thrust  measurements in  vind-tunnel instal la t ions where engine6 
are  mounted on thrust balances. The exhauet-nozzle t o t a l  temperature, essentially 
equal t o  combustor-exhauet t o t a l  temperature, is computed by the following energy 
equation  derived i n  early NACA work: 

where 

( ~ p ) ~  constant-pressure specific heat at  exhaust-nozzle throat 

F j e t  t h r u s t  

J mechanical  equivalent of heat 

Combustor efficiency is then  calculated mom the exhaust-gas temperature in the 
same way as described for the pressure method. 

Heat-balance tnethod. - Combustion efffciencies  obtained by the  pressure aad 
thrust-measurement methods are only c b s e  arpproximations t o  true chemical combustion 
efficlencies If theee  efficiencies  are defined as r a t i o s  of actual to ideal tempera- 
ture rise KE r a t i o s  of fuel-air r a t i o  (eq. (2), e.@;.). An exact combustion e f i  
f iciency is defined . a s  a r a t i o  . o f  ac tua l   t o .  ideal enthalpy  riee.. A mthod of 
obtaining this true conibustiop efficiency ipvplves. the ?e Qf e water quench spray 
at the nozzle exi t .  The temperature of the resulting s$en13xha1&-gas mixture ie 
measured at a stat ion  suff ic ient ly   past   the  spray t o  a l l o w  complete evaporation of 
the water. From enthalpy  values  corresponding t o  this measured temperature, combus- 
t ion  efficiency is determined by the f o l l w i n g  heat-balance equation  (ref. 10): 

where 

h lower heating  value of fuel 

AH enthalpy  rise 

Subscripts: 

e exhaust gases 

j coollng-jacket  water 

w quench water f o r  exhaust  gases 

Equation ( 5 )  is used far fuel-air  ndxtures leaner t@n stoichiometric. Ear mixtures 
richer  than  stoichiometric, the enthalpy r i e e  of exhaust  gases Me is determined 
from 

P 

5 

. . " 

." 

- "  -. 
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where 

& 

c 

("p), mean constant-pressure, heat capacity of fuel 

latent heat of vaporization of fue l  =v 

Blibscripts: 

ac  actual 

i inlet m u r e  

s stoichiometric 

General  Considerations 

T 

8 

c 

P 

The problem encountered in ram-jet combustors i e  that of ini t ia t ing a stable 
flame in a fuel-& mixture trave- a t  velocities as high as 800 feet per second. 
T h i s  stabilization can be accomplished by placing a bluff bow such a8 a rod or disk 
i n  the  gas stream. A flame initiated in *e fuel- uclxbure attaches  itself to the 
eddy region behind the bluff body, and this stabilized flame serves to ignite  the 
oncoming f uel-air mfxtures. The subject of flame stabil ization by bodfee within the 
gas stream i s  covered in  chapters IV t o  VI, and this chapter i s  concerned only with 
the  direct ram-jet-conibustor applications of fleme stabilfiation. 

The simplest  type of flamehold& is a bePfle  placed at a single plane normal to ' 
the gas flow. Baffles may take  the form of ruds,  disk^, cones, o r  combinations of 
these. More advanced baffle designs consist of U- or V-shaped gutters with the open 
end facing downstream, arranged s i n g l y  or in ammlez, radial, or grid-like pLanar 
combinations (fig. 130(a)). 

"jet flameholders FUX also designed i n  three-dimensional forms i n  which the 
axial dimension of the flemeholder is appreciable. A gutter-type flameholder may be 
constructed w i t h  axial  sloping gutters to form a three-dimensional  flameholder 
(fig. BO@) 1. A refined  type of three-dhensional f Lameholder of wide use is  the 
conical can where the flameholder consists of a conical surface perforated to a m  
the desired open flow area (fig.  Bo(c)). 

Integral  piloting systems are  often used to  assist flameholders i n  m a i n t a w  
combustion under adverse  conditions. The pilot  creates  the  law-velocity  region for 
stable combustion by channeling a emall portion of the combustible mixhre into a 
relatively large flow passage. Pi lots  are frequently conibined w i t h  siqle-baffle 
f lameholders or  with  three-dimensional f lameholdere. 

A number of other  flameholaer designs have ale0 been inveetigatea i n  rm-jet 
combustors. Immersed-surface t y p e s  in w h i c h  plates or blades have been placed 
downstream of a gutter flameholder directly in the flame zone  have been employed 
successfully. Same  work has been done with typea that have the  fuel-injection and 
flameholding syetems  couibinea in one unit. 

me follow- section does not a i m  to select one of *ose generd types of 
flameholder as being slrperior to   the others .  In general, flameholder research has 
aimed at  perfecting each of the various types of flameholder for i t s  am specified 
purposes rather than in competing one type  against  another. 
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Stabi l i ty  limits. - Some information concernFng flame s tab i l i ty  of simple 
baffles is treated in chapters I11 an8 VI. In +i#tipn, _recent reviews of the sub- 
Ject have been  published  (refs. 11 and 1 2 ) .  A theoretical  analysis of the  effect d p  
flameholder d.Fmeneims and inlet-gas variables u p n  s t a b i l i t y  has been  developed by 
considering  the  fact that blow-out occurs when the heat s~arply rate from the eddy 
region  behind the flameholder is infinitesimally less than the heat requi red  to 
igni te   the approaching fresh gases. 

6 
. " -. . - 
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If viecasity is  regarded as E function of the 0.7 power of temperature, then 
the following equation for   fuel-air-ratFo  s tabi l l ty  limits may be derived (ref. 13): I 

w h e r e  .. ". . . - . . . .. . . .  "" ". 

D diameter of disk-type f lameholder normaL t o  flar 

V velocity 

ip functional notation 

subscript: 

bl bloW-OUt 

In additional studies of s t a b i l i t y  limlts reported  in  references 14 t o  21, the 
effects  of such  variables 8 s  f u e l  type, dxture temperature, s tabi l izer   s ize  and 
type, temperature,  pressure, and turbulence were investigated  experimentally. - 

I n  actual engines, the .most c o w n  SLmple-baffle flameholder ,system conaists 
of gutters arranged i n  grids or annular-radial ccnnbinstions. 90- work has been 
done on a flameholder system as eimple a s  a sudden qaneion i n  croas section from 
diffuser t o  combustor ( ref .  22)  . 

The blow-out limits obtained in free-fl ight  investigations of ram-jet engines 
with  V-gutter grid flameholders are  described  in  references 4 and 23. Reference 23 
reports that increasing  the blocked area of the flameholder by lncreaslng the nuniber 
of gut ters   in   the grid. tended t o  widen the  s tabi l i ty  limits. The gutters were a l l  
3/4 inch wide; the  effect  of g u t t e r  xidth was not determined. A comparison of U- 
and V-gutter grids of approximately the same bloCked area i n  another investigation 
(ref. 24) showed no difference Fn s t a b i l i t y  Urnits bet%en these types of gut tem.  

Results of a series of investigaticum with V - g u t t e r s  arranged in annular-radial 
combinations  axe reported i n  references 7 ,  25, and 26.. Ihe flameholders camisted 
of several rings of annular V-gutters of varying wLdths, staggered  longitudinally, 
and interconnected by radial V-gut ters   or   f la t -plate   s t ruts  similar to   the  configu- 
ration s h a m  in figure 130(a). Chmges i n  blocked area had ,little effect  on 
stability limits, but the increaeed  gutter widths. improved these limits. A correla- 
tion  representing a s impmicat ion of equation (7) applies to the data OP these 
investigations  (ref.  25) in the form 
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where 

( f/a)bl fuel-air  .. r a t i o  a t  either lean o r  r i c h  blow-out 

M3 canibustor-inlet Mach number based on entFre CTOSS section 

n nominal gutter  width 
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The correlation is  ahown in figure 131, where the  velocity - gutter-width param- 
eter is plotted  against blow-out fuel-air   ra t io .  A similar plo t  (ref. 17) sham in  
figure L32 correLates  fuel-air-ratio limits with a parameter rfV3, where r is 
a nominal circular-baffle flameholder raaius and V3 the  combustor i n l e t  veloc- 
i t y .  In t h i s  case, an exponent of un i ty   for   the  flameholder dbuension correlates 
s t a b i l i t y  Umits as w e l l  as the exponent of 0.45 Fn equation (8) . 

Some work has  also been reported on the  use of ceramic or ceramic-filled baffles 
rather  than steel or nickel  alloy  types. A comparison between a steel flameholder 
consisting of four radial V-gutters end a similm flameholder of alundum and ai l icon 
carbide shows a much wider range of s t ab i l i t y   l lmf t s  for the ceramic baffle, espe- 
c i a l l y  at the r i c h  l i m i t s  ( re fs .  27 and 28) . The -&der stabil i ty  range  with ceramic 
flameholders i s  prob-ably due to the reduction of heat losses by  conduction f r o m  the 
flame zone. This is i n  conformi ty  w i t h  the  analysis previously  presented which 
shows that blar-out  occurs when heat losaes exceed *e heat supply rate t o   t h e  
flame zone. .. . . 

Combustion efficiency. - An analysis of the combustion processes must necessarily 
consider f uel-air  preparation and inlet parameters as w e l l  as flame St8biliZatiOll and 
oxidation. Thus in order   to  compare flameholders, it is essent ia l   to   cont ro l  the 
fuel-air  preparation and inlet variakles. ‘Eta? r o l e  of the flameholder i s  discussed 
in this  section, d t h  particular  reference to the  simple-befle type. 

PreUminaxy  combustion-efficiency  investigatbns w e r e  performed on a variety of 
f lameholder configurations  (e.g., ref. 29) . In early RACA work, screens,  solid and 
perforated  strips, flat plates, disks, cones, and V-gutters were used as flmeholdere 
in a 20-inch-diameter ram jet. Another. investigation  (ref.  30) showed that V-gutters 
i n  series were very  successful for high combustion efficiency. In general ,   the   mat  
widely  used  simple-bdfle type of flameholder i s  formed of P-gutters,  although ram- 
jet engines have been designed xfth perforated-gutter  flameholders  (ref. 31) , corru- 
gated  gutters  (refs.  32 and 33), and the simple audden-eqmnaion type of flameholder 
( re f .  22) often  with  vortex blades at the entrance to the  combustor ( re f .  34). 

The principles underlying the operation of ef f ic ien t  sinqle-baffle flameholders 
can be stated briefly.  The stagnation  region darnstream of the baffle is a stable, 
high-temperature zone which acts as BC torch  for  the  adjacent  high-velocity mixLure. 
For s tabi l i ty ,  a wide baff le  i s  tiesired, but  t h i s  i n  turn  increases the velocity of 
the unburned mtxture pas t  the flameholder; therefore, = comgromise betueen  efficiency 
and s t a b i l i t y  musk be made (ref. 12). A second principle otiserved is that a con- 
tinuous flame patb connecting all of the flemeholder baffles is desired. B u s ,  
reignition can proceed if flame. is locally snuffed out. 

These principles are illustr&-ed i n  the investigation  reported in reference 35. 
The four gutter-grid flameholders used, shown i n  figme 133, are typical  of he 
simple-baffle  type. Their combuetion efficiencies w e r e  about the same, with a 
s l ight  advantage f o r  the standard-gutter flameholder. In general, the canfigurations 
tha t  gave the highest peds eff ic iencies  had the  narmwest fuel-air-ratio  range of 
operation. This compromise of efficiency with s t a b i l i t y  limits has been noted 
repeatedly in d u s t o r  investigations. As noted  previously, t h i s  I s  the case 
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pr imar i ly  because  large-width baffles for wide s t a b i l i t y  Urnits increase  the veloc- 
i t y  of the unburned gases and reduce  efficiency. A further explanation may l i e  i n  
the fact that low-pressure-drop fla2lleholders operated. a t  high temperature r a t i o s  
favorable  for  high  efficiency  tend to amplify preseure  disturbances  introduced i n  
the d i f fuse r  (ref. 36) . The intensified  pressure  fluctuations no doubt  decrease 
stabTlity. Also reported i n  reference 35 is a n  investigation of an adjustable 
gutter-grid flameholtfer having a gutter  angle that could be varied f r o m  oo to 53O 
during  operation to   g ive  a variation i n  the blocked f ronta l  area from 1A2 to 59.5 
percent of the cornustion-chamber area. The couibustion efficiency of the adjuetable 
gutter  f lameholder as a function of gut ter  angle I s  ahom in f lgure 134, where the 
k t a  show that variations in gutter  angle from 25O to SO0 had l i t t l e  effect  on com- 
bustion  efficiency. However, other results of the  investigation showed that the 
stable limits of operation were improved slightly  with  increased  gutter  angle. 

Gutter-grid flameholders w e r e  also used Fn the   f ree-f l ight   tes ts   reported in 
reference 23. Three grids of 49, 55, and 60 percent blocked area were constructed 
of 3/4-inch  V-gutters. Tlle maximum combustion efficiencies  obtained x i t h  the two 
grida of smaller blacked area were greater than those obtsined  with the thi rd flame- 
holder of 60 percent  blocked  mea.  Perhqps flam blow-out a t  sane portions of the 
grid for the holder with 60 percent blocked area was responsible  for  these results. 

The staggered  annulax-radial  V-gutter  combinations  previously  cited in the 
discussian of s t a b i l i t y  limits (refs. 7, 25, andZ6) Yere also employ& in a coinbus- 
tion-efficiency  testprogram  to  determine  the  effect of flameholder geometry on per- 
formance. Figure 135 (ref. 26) indicates  the  effects of flameholder  blocked m e a  
and gutter width won conibustion efficiency. Unlike s tabi l i ty ,  combustion efficiency 
i s  not  greatly  Influenced by gutter width, and the g e n s  afforded by increased area 
blockage are very sl ight .  

c 
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Piloting Systems 

A p i l o t  i s  a portion of the  combustor i n  which a reduced air veloc i ty   i e  main- 
tained by  expanding par t  of the air stream. This  low-velocity  region  provides a 
stable burning zone from which flame be  propagated to  the rest of the combuwtor. 
Theories  of flame propagation from E low-velocity  region to  a high-velocity regloon 
are discussed in chapters 111, IV, and V. A typlcal   p i lot   configurat ion  is  &own in 
figure 136. Since the  pilot   contains a low-velocity  region,  the  design principles 
are different from those used for   the  m a i n  combustor. In the   p i lo t  a large  preseure- 
loss coefficient may be tolerated and heat  release per unit volume i s  small. F ~ 2 l -  
a i r  r a t i o s  can be mafntained at fixed optimwn values and special f u e l s  may be used. 

Pi lo t  heat release. - A program was conducted (ref i 37) t o  determFne whether 
the  heat  release of a p i l o t  or the  production of active  pmticlea  controls flame 
propagation f r o m  t he   p i lo t .  Ekqeriments were performed in  a 2-fnch-dlameter burner 
with a p i l o t  zone supplied  with hydrogen and oxygen. .The burner itself wae run under 
fixed conditions of pentane flow, air  velocity,  temperature, and preseure. GpecFfic 
impulse increased almost l inear ly  a e  the  heat  release from the   p i lo t  vas raised by 
incr,easing the  flou of stoichiometric hydrogen-oxygen mixture. When more hydrogen 
was added, with the sme oxygen flow, the heat release W&B kept constat  w h i l e  the 
production of hydrogen atoms dropped more than a hundredfold; nevertheless,  the 
specific  inpulse reiuained nearly constant. Reference 37 takes this t o  be a negative 
type of evidence i n  f a v o r  of the importance of p i l o t  heat release, as opposed to the 
production of actual par t ic les  in the p i l o t  flame. However, it i s  by no means con- 
clusive  evidence,  became the effects  of the temperature of the   p i lo t  exhawit g a s  
were not  considered. 
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Design  and use of p i lo t s .  - The physical  size of a pilot ing zone i s  en -ortan* 
factor in the design of combustors. It has been found experimenta- that a circular 
'Pilot ~ O B S  section is better  than a rectanguhx one (ref. 38), and tha t  a length 
equal   to  a d a t e r  is adequate  before pi lot   recirculat ion sir is aamitted  (ref. 39). 
Reference 40 states that the sum of the diameters of the f i r s t  row of recirculation 
air holes should equal 40 percent of t h e   p i l o t   c i r c d e r e n c e .  

A one-dimensional aerodynamic analysis of the required s ize  of a pi lo t   c&mtor  
is shown f o r  one set of initial conditions Fn reference 41. A more extensive  +xeat- 
ment of optimum p i lo t   s i ze  i s  given in reference 42. In this report ,   ideal  pilot-  
hg system i s  considered i n  which all the conbustion takes place in a Lon-velocity 
stoichiometric  pilot  m e .  SeCOndarg. air i e  mixed wlth  the exbust products down- 
stream of t h e   p f l o t   m b u s t o r   t o  g i v e  the desired over-dl fuel-air   ra t io .  me study 
shows that it is  possible  to  maintain a l a rge   p i lo t  area for   e f f ic ien t   lm-ve loc i ty  
combustion without  incurring  excessive  total-pressure  losses. 

Percent   pi lot  is defined as the  percent of total fuel sent to the   p i lo t  zone. 
This  percentage may vary from 0 t o  100, the latter value corresponding t o   t h e  ideal- 
ized  pi lot  of reference 42. An example of.an experimental  investigation of a ram-jet 
combustor operated a t  v ~ i n g  percent  pilot  i s  found in reference 43, where percent 
pi lot .  ranged f r o m  12 t0 100 percent. In some cases, where lm-drag flameholders me 
-1oyed (refs. 9 and 44) , pilot ing of I percent or less is sufficient f o r  large 
gains in s t a b i l i t y  limits. Figure 137 i l luetrates  the  increase in efficiency with 
Bmau Percent  pilot for a s-le V-gutter flameholder described in reference 45. 

Pilot  operation le not  required where inlet  conditione are very  favorable for 
combllation and over-all fuel-air r a t i o s  near stoichiometric are employed. Ln-the 
investigation of reference 26, for lean over-all fuel-air  ratios, where the fuel w a s  
concentrated locally, p i l o t  operation was beneficial,  but at r ich  fuel-&  ra t ios  
where uniform fuel dis t r ibut ion -was  required, pilot   operat ion was of little help. 

Piloted flameholders. - Integral pilot ing systems have been couibined with  such 
well-known siuple-baffle Bystems as V - g u t t s ?  grids  (r&. 46) ,  radial g U t w E  (ref. 
47), annular-radial  gutter combinations (ref. 48), & staggered annular-radial 
gutter combinations (refs .  8, 26, and 49) . In general, the effects  of flameholder 
geometry on combustion performance of the piloted ilaraeholders were not W f e r e n t  
from those of nonrpiloted flameholdere.  Reference 47, f o r  example, reports no appre- 
ciable effect of varied axe& blockage on coldbustion efficiency. Comparisons between 
otherwise similar piloted and nonpiloted  configurations are given in references 26, 
44, and 49. The piloted  designs  offered no improvement in peak cordbustion efficiency, 
but  they did tend to wlden the fuel-&-ratio range of operation. A comparison is 
made in reference 50 of W e e  types of ptloted mnfigurations intended for m e  in a 
ram-jet conbustor at low pressures and rich fuel-air ra t ios .  The configurations 
consisted of a can Ghat acted aa a 100-percent p i l o t  aad two gutter combinations, 
one with  five can-type p i lo t s   ( f ig .  138) and the other with a sloping-gutter 
p i l o t .   he thi rd type w a s  the most s a t i d a c t o r y  design. This configuration (ab0 . 
described i n  ref. 51) consisted of a perforated conid fbw divider enchsing a 
sloping  V-gutter basket (fig. 139). The sloping V-gutter and flow div-ider served 
first to confine the mainstream f u e l  t o  a portion of the air and then   to  promote 
gocxi mixing of the p i l o t  mmbustion products  with the mainstream combustibles. 
h t h e r  example of this type of design is  given i n  reference 52. 

Three-Dimensional Flameholders 

Three-dimensional baffle. - I n  contrast t o  the planar, simple-baffle flame- 
holder, the three-dimensional baffle has eppreciable axial depth. The advantage of 
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this design i s  that the volume of the primary zone can be large, and a means for con- 
t ro l l ing  the introduction of dilution air is provided. The pilot  configurations of 
references  50 and 51 (fig. 139)  ere an approach t o   t h e  three-dLug?nsional type. . 

Flameholder designs have been  evolved (ref s. 43 and 53) in which the radial 
gutters  slope at a cOlUp8ratively smrrll angle to   t he  combustor axis and provide a 
conical f Lame-holding surface. !The sloping-baffle  configuration  investigated  in a 
16-inch connected-pipe f a c i l l t y  described in reference 53 consisted of two seta  of 
U-shaped baffles  separated by a conical section  (fig. l 3 O ( b ) ) .  The 6 baffles i n  
the primary zone and the 12 baff les  in the  secondary zone were inclined at 3@ 
angles t o   t h e  combustor axis. The fuel-mixing control  eleeve, which extended from 
the   fue l   in jec tors   to   the  flameholder, i n t e r c w e d  approximately 20 percent of the 
t o t a l  englne air  mass flow and ducted this air into the primazr combustion zone. 
Conibustion originated in the wake o f t h e  lrpstream set af baffles and w a s  substantially 
corrrplete in the sheltered region downstream of .these baffles. The we of 8 s l o p i n g  
baffle ana conical  shielded zone provi&ei:an erp- volume f o r  the combustion 
region,  thereby maintaining a law f l o w  velocity which perndtted combustion t o  be 
completed In a relatively  short length. 

- 
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The couibustion performance of this configuration as a function of fue l -a i r   ra t io  
i s  compared In figure 140 with  that of a baffle-pilot  configuration  investigated 
in the same f a c i l i t y  and at the same test  conditions. !Fne advantage of providing 
fuel-air mixing control downstream of the point of in i t ia t ion  of combustion i s  an 
Increase in conibustion efficiency at l o w  fue l - a i r  ra t ios .  

Another type of three-dimensiona;L flameholder i s  the rake type, which consists 
of a pilot body with petal-like f ine  extending darnatream and rdially f r o m  the pilot  
(fig. 141). Usually several Qf .these flameholder  combinations are  positioned at 
an axial   s ta t ion in the combustor. Multiple-rake flameholders were used In free- 
f l l g h t  investigations  reported i n  referencea 5 & 54 ta 57, where these configura- 
t ions w e r e  found t o  be srqoerlor to   pi loted  gut ter  flameholders in  s tab i l i ty  limits 
and efficiency. Another comparieon of a rake-type flameholder v i t h  a piloted ser- 
rated baffle flameholder a l s o  showed improved resu l t s  vitb the  former  type  (ref. 58) . 
Further gains would have been posdble  with improved fuel injection systems. An 
investigation of more complex rake  designs (ref. 59) ahowed that  best  performance 
was obtained  with a rake-type  flameholder which had alternate rakes connected to the 
p i lo t  burner out le t  by V-gutters. The three rakes that w e r e  connected in th le  
manner appeared to be more effective 88 flameholders  than the other  three rakes 
because of the continuous flame path from p i lo t   t o   ba f f l e .  

. "  
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Can flameholder. - The principle of an expanding combustion zone is inherent in 
the  design of a conical can-type flameholder. Can couibustars f a l l  into two genaral 
types of designs:  simple cans an& annular cans. A typical  simple can is  shovn In 
figure  142(a). The fLameholder consists of a continuous ac segmented conical 
surface, expanding Fn a damstrean  dlrection nith a p i l o t  assembly usually situated 
a t   t h e  upstream end of the cone. An annular can (ref. 601, shown in figure 142@), 
consists of two conical  cans,  the  vertex of inner can facing downstream, and 
the  vertex of the. outer can fa- upstream. Can flameholders may di f fe r  i n  cone 
angle, distribution of holes and hole sizes, arrangement of holes, and shape of 
holes. Cans are usually specif ied  in  terms of open mea and pitch  alinement. open 
area i s  the r a t i o  of the area of the  perforatione to the  cross-sectional  area of 
the couibustlon Chamber; the  pitch alinement is the number of rows omerfura t ions  
that spi ra l  around the conical. surface counted along the  intersection of an a x i a l  
plane on the surface. 

The effect  of cone angle on combustion perfanuance  has mt  been systematically 
investigated i n  the literature, the standard haIf angles be- from 5O to Eo. How- 
ever,  the  effect of pitch alinement on combustion efficiency and s tab i l i ty   l imi t s  
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has been investigated  (ref. 61) . A sl ight  improvement in efficiency was found 
through the use of E two-pitch-alinement c'as rather than a zero-pitch-alinement can, 
but  s tabi l i ty  limits were d e c t e d  by the alinement. 

In an investigation of can conibustors intended m d n l y  for piloting  applications 
(ref .  38) , stabi l i ty  limits were unaffected by hole size, t o t a l  open area, or  pitch 
alinement.  Reference 41, on the other hand, reports thst for a single-rowed can 
flameholder, increasing  hole  size increases the  r ich limits but hes not affect  the 
lean limits. 

The effect of open area Elnd hole type on combustor performance is  described in 
reference 62 f o r  a 10-inch-diameter  quarter-segment combuator In a free-jet  instal- 
lation.  Figure 143 compares the cambustion efficiency of four can configurations, 
three having open a r e a s  of 100, 145, and 177 percent  with round holes  the same s i z e  
in each case, and one having an open area of 100 percent w i t h  transverse rectangular 
slotted  holes. The flameholder  with 100 percent open area yielded a madmum e f f i -  
ciency of 94 percent, a value slightly high- than the maximum combustion efficiency 
obtained with the cans of greater open area. The transverse-slotted can exhLbited a 

efficiency  close to that of the corresponding round-hole CRZL, but  efficien- 
cies at low fue l - a i r  ra t ios  were much less for  the slotted can, probably  because the 
increased frontal   area of the slots admitted too much air to the primery portion of 
the cen. 

ImmersedSurface Flameholders 

The use of surfaces in  the flame zone of a combustor stems from the observed 
catalytic effects of certain  materiale in the  ignit ion o f  quiescent combustibles. 
The eqloyment of similar materials in a high-velocity combustor wa+ a logical 
extension of this  principle.  In  a t i o n  t o  the thermal effect, E beneficial in- 
crease in mixing ra te  w a s  envisioned. Borne of the effects of imnersed surfaces on 
combustion efficiency and s tab i l i ty  are described in the following paragraphs. 

A systematic program of investigations of immersed surface conibustors was con- 
ducted and i s  repol-ted in references 10, 44, 63, and 64. In  reference 63, the 
flameholder employed was a wedge-shaped block of graphite  that had been spray-coated 
with aluminum. Two such wedges plsced pera l le l  across the CTOBB section of the 
combustor represen%ed a conventional  type flameholder. Additional m a  of similar 
wedges  were introduced downstream of the o r i g i n a l  row to evaluate  the  effect of sur- 
faces immersed in the flame zone. me f b e h o l d e r  configurations used in this 
program are  shm schemati- in figure 144. The effect of the immersed s u r -  
faces on pressure l o s s  and combustion effictency wa6 slight, but  the  additional sur- 
faces did Kiden the conibustion s tab i l i ty  limits. 

In reference 64, Inconel  surfaces w e r e  employed because carbon blocks have 
inadequate shock resistance. The results indicated that, w i t h i n  the requirements of 
providing a low-velocity  path for flame propagation, the nmber of surfaces and t h e i r  
geometry  were unimportant. A conventional  V-gutter  configuration is compared in 
reference 10 Kith another in w h i c h  12 Inconel  blades were positioned in the flame 
zone. Variation of the immersed-surface temperatures conffrmed that the performance 
gains w e r e  due to a-aynamic rather than thermal influences. Both s teh i l i ty  limits 
and combustion efficiency were  improved  by the immersed surfaces. The combustion- 
efficiency  effect i s  I l l u s t r a t ed  Fn figure 145, where efficiency i a  plotted 
against  equivalence rat io .  The difference between efficiency of cooled and uncooled 
blades is  small in comparison w i t h  the dlff'erence b-etween efficiencies of the config- 
urations with and without immersed surfaces. 



A systematic invef5tigatiOn of slnrplified Lnenersecl-burface configurations i n  
reference 44 concluded that the greatest gains in combustion efficiency  could be 
effected by the we of a single blade in   the  flame zone close  to  the flameholder. 
Optimum efficiency results were obtained with a blade across the combustor perpendic- 
u l a r  to and 4 inches damstream of the single V-gutter f lameholder (figs. 146 and 
147). Apparently the  flame-immersed blade la  best  poaitioned  close to the flame- 
holder, but  not  close enough to   diaturb the mrural. vake region behind the  flameholder 
( l e s s  than 4 in. i n  this case). At a a u g h t  compromise i n  efficiency and pressure 
drop, a considerable  iqrovement in s t a b i l i t y  limits was obtained by ccpnbining this 
single perpendicular blade with three p a r a l l e l  blades farther damstream. A further 
widening of s tab i l i ty  limits was possible by ranoval of all of t h e  flame-immersed 
surfaces. 

In  studies described in reference 65, the effect  on conibuation of a grill of 
heated,  coated molybdenum st r ipa submerged in the combustion zone of 8 6-inch- 
diameter combustor was determined. The auticipsted  acceleration of combustion was 
not  realized because the stripa did  not act as surface combustion aide, but inatead 
conducted heat from the flame zone t o  the combu~ltor w a l l s .  

The advisabili ty of employing i m r s e d  surfaces In the combustion zone appears 
controversial, even though the aerodynamic influence of these  surfaces was shown to 
be impartant (ref. 10) . Mix- can possibly be controlled In a simpler mer, for  
example, by  proper  spacing and sizing of holes in a can-type  flameholder. Rowever, 
these t e s t s  verg dramatically emphasized the f a c t  that the rate of mixing of  unburned 
and burned gases  can  be  the controlling step in the combustion process. 

I G N I T I O N  

The basic  principles of i s i t i o n  discussed in  chapter III apply to ram-jet com- 
bustors. !Be techniques  generally  used in start- ram-jet combustors incorporate 
either pyrotechnic flares o r  spark plugs located xithin the p i l o t  zone. !&e spark 
system i s  more deairable  for ground tests since repeated S t a r t s  cazl be obtained. 
However, under certain  operating conditions, chronic  failures of the =ark system 
have been  experienced, and ignition with a hypergolic fuel such as aluminum boro- 
hydride i s  advantageous. Plight-teat  data reported in reference 4 show tha t  up t o  
pressure  alt i tudes of 14,000 f e e t  spark systems are satisfactory, but above tha t  
a l t i t u d e  flare systems are necessary. However, i n  recent   teats  with a 48-Fnch ram 
J e t   ( r e f .  66), re lbble  spark ignit ion was obtained at 1/8 atmoepheric pressure. A 
further aid t o  spark ignit ion a t  low presswe i s  the addition of smal l  mounts of 
hydrogen i n  the region of the spark  (ref. 1 2 )  . A magnesium-flare ignit ion Bystem 
that h a e  proved to   be  very satisfactory i s  described in reference 6. Aaditional 
ease in starting f l igh t  mode1.s i s  afforded by the use of magnesium flares in con- 
junction  with  rake-tme flameholders (refe. 6 and 67) . 

FUEL8 AM) P W  SY8TIBE 

Combustion proceeds most favorably in a near  stoichiometric fuel-air mixture, 
where flame speed and t eqe ra tu re   a r e  a t  a maximum. Thus, the   prfndplee underlying 
the  design of a fuel system we the achievement of a ne= stoichiometric mixture and 
complete vaporization of Puel in  the precombustion zone. 

L 

8 

" 

. 

.. 
Fuel  Snjection 

Fuel-injection types .  - In ram-jet conibuetors, the energy of the high-velocity 
a i r  etream is used to atomize the fuel, thua allaxing aimple fuel-injector deeieple 

. 
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and low f u e l  pressures to  be used. A i r - b l a s t  atomization i s  d i s ~ ~ s ~ e d  in chapter I, 
w h e r e  it is shown that drop  size can be predicted f r o m  ce r t a in  fuel proper t ies  
the r e l a t i v e  a b  and fuel ve loc i t i e s  ssd volumes by the following equation: 

Sauter  mean diameter, microns 

fuel-& volume r a t i o  

r e l a t ive   ab - fue l   ve loc i ty ,  meters/sec 

viscosi ty ,   poises  

surface tension, dynes/cm 

dens i ty  

Subscripts: 

R air 

f fue l  

For a typical  ram-jet   combustor-inlet   velocity of 300 feet pe r  second and d t h  JP-4  

fuel ,   the   drop-size  calculat ion can be agproldmated  by d s  = 585G, since Qf/Qa 

i s  small. The value of d32 at this condition is  about 35 microns. This  drop-size 
diameter i s  roughly  one-third that p r e d i c t e d   f o r  a 17.5-gallon-per-hour Monarch spray 
nozzle in s t i l l  air by the following equation from rhapter I: 

U r d G  

d32 5 2 5 W  -O .17 microns (10) 

where 

AP pressure drop across nozzle 

For a pressure-  differential of 100 pounds per square inch, d32 i s  115 microns. 

These drop-size  estimates show that the air flow past t h e   f u e l  injector provides 
remaxkably good atomization and i%at further mechanical Lraprovements are unnecessary. 
Thus it i s  not surprising that iq jec tor   types  of E wide variety  have  proved satis- 
factory.  A t  low f u e l - a i r   r a t i o s  it i s  reported (ref. 41) that s i q l e  f ixed-or i f ice  
nozzles   give  the highest e f f i c i enc ie s  became less d i lu t ion  of the fuel-air mixture 
occurs. However, fewer in j ec t ion   po in t s  are required with the Mow& nozzle  because 
t h e  radial component of me fuel -drople t   ve loc i ty  distrib-s the fuel over a greater 
area thm the simple-orifice type. At higher fuel-afr ratios,   air-atomizing types 
of nozzles  provide a more homgenecus mixture and are more satisfactory. Veriable- 
area spring-loaded  nozzles appeez promieing f o r  ram-jet appl icat ions,   but  difficult-y 
has been  encountered in providing equal flow through each nozzle in multinozzle 
in s t a l l a t ions .  - 
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A program was conducted (ref .  68) t o  determine the  effect of nozzle size i n  a 
configuration of six fixed-area  nozzles evenly spaced at &z1 axial station. The 
resul ts  ehowed that there i s  an optimum size of nozzle for maximum efficiency. With 
overly  large nozzles, distribution is  poor; similarly, Kith undersized noplea,   fuel  
pressure i s  so high that +el  particles  strike and dong the &ambe& wan and 
do not mix w i t h  air properly, decreashg  efficiency. 

Other methods of fuel Fnjection  include bpinglng j e t s  and sprey bars. Excel- 
lent efficiencies  are  reported  (refa. 69 and 70) for  fuel-injection Byeterns consist- 
ing of multiple impinging j e t s  of compreseed and fuel. Bgrw.bws, ueually per- 
forated tubes, are also widely uaed since they have * advantage of Low area 
blockage. 

Location and dlrection of fuel sprays. - The location and direction of fuel  
sprays are determined by the  coiibustor-inlet conclitlone and the type of fuel  Injector. 
Since it i s  desired that a vaporized, Locally- stoichiometric mixture be produced at 
the flameholder, the  direction of fue l   sprw i s  of some importance, particularly for 
fuel injectors  just upstream of the flameholder. Injection of fuel Fn a cantrastream 
direction a l l o w s  a greater  path of t r a v e l  of €he fuel  droplets end produces a more 
homogeneous mixture than Fnjection in the coatream aFrection. Thus reference 51 
reports  excellent combustion efficiencies at r i ch  fuel-&  ratios by contraetream 
injection,  but recammends costream or  cross-stream  injection, which produce a mpre 
concentrated fuel mixture, at lean fuel-air ratios. 

The significance of fuel-injector  location i s  best  illustrated by Bome examples 
from reference 71. Conibmbtions of upstream fuel injection, flameholder. injection, 
and split  injection between the two positions were qployed, as shovn Fn figure 
148. The combustion efficiencies of the four injector C O n f i g U r R t i O n S  are shown 
in  figure 149 as a function of fuel-air  ratio. The broadest range of operation 
was obtained with f lameholder injection, where operation was possible from f uel-dz 
rat ios  of 0.012 to 0.047. The upstream-injection case gave only a narrow range of 
operation neax stoichiometric  fuel-&  ratio and peak efficiencies of lese than 80 
percent. This range ral broadened by the use of split injection, and the peak ef f i -  
ciency  increased eli@;htly by the  me of flameholder spli t   injection. Thus the  results 
indicate that upstream or  split  injection, which gives a nearly homogeneoua mixture, 
produces the best performance at r i c h  fuel-&  ratios, an& localized ?lameholder 
injection produces the  best performance a t  lean fuel-air   ratios.  

These findings have  been widely confXrmed. Results from reference 72 plotted 
in  figure 150(a) show that for a can-type conibust'or peak efficiencies at low 
fuel-air   ratios are obtained w i t h  internal (flameholder) injection; peak efficiencies 
at high fuel-air  ratios  are obtained with u ~ s t r e a m  Fnjection. For operation over a 
xiae range of fuel-air   ratios,  a combination af internal and upstream operation was 
most satisfactory. 

L 

I 

. 

The principle of f uel-mixture s t ra t i f icat ion t o  obtain efficient combustion at 
lean  fuel-air .ratios also applies to the radial positioning of the fuel Injector. -- - 1  

Figure 150(b) (ref. 72) shows that for upstream fuel injection,  efficiency i s  
better at l o w  fuel-air ra t ios  for injector poeiaone near the centerbody but the 
reverse is  true at high fuel-sir ratios.  Figure E l ( a )  shows the  effect of 
injector-ring diameter on combustion eelciency (ref. 73). me fuel-air ra t io  far 
peak efficiency  increases  with  increasing  fuel-ring diameter as seen in  the crosa 
plot  (fig. 151(b)). The sol id   l ine  in  figure 151(a) i l lustrates  the  fact  that 
inJector rings of two different diameters may be combined t o  broaden' the range of 
operation. e 

.. .. . 



NACA RM E55G28 - zsl 

Staged fuel  injection. - Pol- operation over E wide range of fuel-air ratio,   the 
principle of fuel-injection s t a g i n g  is  used. A se t  of injectors, denoted as primary 
fuel  injectors, supply fuel  for  low-fuel-air-ratio  operation. For operation at 
richer fuel-air ratios,  additional f u e l  is injected through secondary sets of in- 

4 jectors, which are positioned for the most efficient conibustion. 

The performance of a conibuator operated  with careful proportioning of primary 
and secondary fue l  fkws i E  shown tn figure 152 (ref. 72). efficiencies 
were achieved by aperating  with prlmary rue1 up t o  fuel-air ra t ios  of 0.034 and then  
by maintdning the primary fuel-air  ra t io  constant at 0.014 and increasing  the sec- 

I *  

1 
3 ondary fue l  f l o w .  A mixture control sleeve of the type  described in the following 
1 section  separated the primary and seconckxy fuel-air mixtures. 

Such combjnations of primary and secondary fuel injection are very common in 
a l l  types of ram-jet conibustors. A three-stage  fuel-injection system for  a can flame- 
holder is described in reference 62, one stage lpcated at  the can entrance and the 
other two  downstream of the f irst  stage.  Best resul ts  were obtained when the first 
stage was used f o r  very lean  fuel-air  ratios,  the first and second stages  for  ratios 
LIP to 0.045, and all three stages f o r  ra t ios  above 0.045. It i s  important to reduce 
the primasy fuel f l o w  to a low value at r i c h  fuel-aw  ratios,  as i s  i l lustrated in 
figure 152 and further sham i n  a plot *om reference 73 (fig. E3) ,  where the 
rich limits of coubustion narrow as primary f u e l  f l o w  i s  in~a~ed from l8 to 34 
percent of the total fuel flow. 

r) 
3 

2 
1 .  Mixture control  sleeves. - Good conbustion efficiency at lean f uel-air  ra t ios  
1) can be obtained with upstream injection as well  as with flameholder injection i f  

excessive mixture dilution upstream of .the flameholder is prevented by a control 
sleeve. TIE combustor configurations ShOM i n  figures = o b )  and (c) and 152 
illustrate the placement of such a control sleeve. A l t h o u g h  primary and secondary 
fuel ' injection are from the same axial station upstream of the flameholder, the 
primary fuel-& mfxture within the  control  sleeve is channeled e e c t l y  to the 
upstream portion of flameholder where it a r ich concentration. Tbe  control 
sleeve produces the same effect as does the  near-stoichiometric  pilot zone of ref- 
erence 42, described in the   ec t ion  on piloting. 

- 

An early type of mixture  control  sleeve is described in reference 74, but  the 
device had not been fully exploited  until  recently (refs. 1, 9,  34, 43, 53, 75, and 
76) . An increase in conibuetion efficiency from 33 to 75 percent a t  a fuel-& ra t io  
of 0.025 Kith 120 increase in combustor pressure loss is reported In reference 75. 
The advantages of a sleeve system are reviewed in reference 34. Besides the improve- 
ment of co&ustion  efficiency at l o w  fuel- rat ios  provided by r ich local mixtures, 
the control  sleeve produces mre consistent fuel Ustribution and sharp-edged fuel- 
air profiles end allows the use of s i ~ ~ l e  fuel  orFfices rather than atomizing nozzles. 

. Eefect of Fuel Variables 

Fuel type. - The effect of fue l  type on conibuetion perfarmance In a ram Je t  
would  depend on the controllhg st& in  the conibustion process. The canbustion 
process may be colvlidered as successive steps of f-1 vaporization, mkdng, and 
chemical oxidation. If the vegorlzation  step w e r e  controlling,  then the physical 

- the chemical properties would determine the performance of the f u e l .  Small-scale 
t e s t s  of efficiencies of severa l  fuels bear out these hypotheses. (Fundmental com- 
bustion  properties are discussed in chapters I to E.) Investigations of gaseous 
fuel-air mixtures (ref. 45) where fuel volat i l l ty  is elhinated as E factor show 
that fuels 'of low ignition energy, or  short ignition lags, such as hydrogen, acetylene, 
carbon disulfide, or propylene oxide, produce the  best  efficiencies. 

v properties of the fue l  muld be of great importance; if oxidation w e r e  controlling, 

- 



Although large-sc-ale  engine tests cannot be as e a s w  analpea,   the ~ a m e  con- 
clusion may be reached regaxding the effect of fuel   propert ies .  In reference 77, 
the  use of gasoline rather than JF-3 fuels increased conkustion efficiency 10 per- * -  
cent at an inlet-air temperature of 920' B. These results ldicate  tha t  a 53" 
length  for a 20-inch-diameter cordbustor was insuff ic ient   for  complete vaporization 
of the  less-volati le  fuels.  Similarly,  i n  other  investigations where low i n l e t  tem- 
peratures and short combustor lengths caused the vaporization of l iquid  fuels  t o  
govern the over-a31 cotnbustion efficiency,  gasoUse was superiar   to  the less-volati le 
kero-e (refs. 32 and 45) . O t h e r  studies have found 2-heptane %o be superiar  to 
the  lees-volati le Diesel oF1 ( refs .  26 and 78) and propylene  oxide superior t o  ker- 
osene (ref a.  3, 32, 58, 59, 79, and SO), bu t   th i s   e f fec t  wlth the latter pai r  of 
fuels may be a t t r ibu ted   to  flame speed as  wel l  as to m e a s e d  vola t i l i ty .  

-. 

Where nearly complete vaporization i s  ensured, fue ls  tha t  differ  from one 
another ma- in   vo la t i l i ty   g ive  nearly the same performance i n  ram-jet combustore. 
Reference 81 reports l i t t l e  difference in combustion efficiencies between 80-octane 
gasoline, JP-3 fuel, and special  low-vapor-presaWe fuels.  Similarly, almost  iden- 
tical results  with  gasoline and JP-4 f u e l  w e r e  found in the work of reference 82, 
and samples taken  in t h i s  investigation at an inlet-air temperature of Lo60° R con- 
firmed that vaporhatirm was s&stantially complete in 17 inches of sing length. 

In ram-jet combustors where vaporization does not control  the  over-all effi- 
ciency,  appreciable  gains Fn efficiency result from the use of high-flame-speed 
fuels. For premixed and prevaporized fue l  mixtures,  reference 83 states that com- 
bustion eff iciency  increases with the 1.1 pare;~. of flame speed. 

Octane rating of gasollne-type fuels i s  of little consequence in ram-jet corn- 
bustors .  Reference 84 shows tha t  62-octane gasol ine   per foma as well as 100-octane 
gasoline. 

Fuel preheatirg. - Far combustor operating  conditions where fuel vaporization 
is  a n  important  factor, increased preheatina; of f u e l  aids conibustlon efficiency. 
Reference 85 reports a 10-percent increase i n  combustion efficiency  with  preheating 
of 62-ockane gasoline f r o m  No t o  20O0 F. In conbustors where vagorization of the 
f u e l  is complete f o r  cold injection, such as the combustor discussed in reference 
82, preheating  the fuel I s  of no .consequence. 

Pressure 

Effect on combustion efficiency. - Because preseure  affects all of the funda- 
mental  processes in the  cordbustor, finding occasional  contradictory results from 
pressure  investigations is not  surprising.  Evaporation of l iquid f u e l s  i s  
retarded by increased combustor pressures (ch. I), .where- W e  pressure  increase 
aids the  oxidation  reaction (ch. UI) . Thus, in general, a t  low and a e r a t e  pree- 
surea where fuel vaporization is rapid,  efficiency  Fncreases  with  pressure. Con- 
ver se ly ,  where vaporization is the controlling  step, as at high pressures or WFth 
low-volatility  fuels,  efficiency may remain independent of pressure  or even decrease 
s l ight ly  w i t h  pressure. 

Results for a 2-Fnch-diameter  gaseous-propane - a i r  burner  (fig. 154) show 
a contlnuoue increase Fn combustion efficiency  with  pressure  increases from 5 t o  85 
inches of mercury absolute (ref. 45) . Similar  plots of combustion efficiency  as B 
function o f - b l e t  pressure have been established f r o m  larger-scale  tests of com- 
bustors w i t h  simple-baffle f lameholders (rd. 86) , rake-type  flameholders  (ref. 55) 

" 

" 

. 
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and can flameholders ( ref .  87) over pressure  ranges as great a s  from 8 t o  85 inches 
of mercury absolute. The m e  usual findings, however, are that  efficiency  tncreases 
with  pressure up to a certain value and then remains independent of pressure.  Figure 
155 W t r a t e s  this trend f'rom results given in  reference 77,  where at a fuel- 
air ra t io  of 0.06, couhustion  ef'flciency increases with  pressures from 7 to 55 inches 
of mercury absolute and remajns constant at higher  pressures. 

In combustors where fue l  vaporization i s  m e  critical, the pressure  effects 
sham in figures E 4  and 155 may not apply. I n  reference 60, for  exsmple, data 
are presented for can conibustors w h e r e  efficiency increases  with  pressure only up to  
a pressure of 20 inches of mercury absolute, above which efficiency  decreases 
alightly. References 3 and 7 1  s ta te  that efficiency was virtually  hapendent of 
pressure at pressures as low as 17 to 28 inches of mercury absolute. That these 
results are due t o  8a increased importance of fc=l vaporization is  confirmed by the 
work of reference 88, where over a pressure range of 30 to 65 inches of lnercurg abso- 
lute, combustion efficiency decreased with pressure when radial simple-orifice  fuel 
injectors were used and increased  with  pressure when hollow-cone spray nozzles w e r e  
used. The spray nozzles had better veporization characta5stics than the fixed- 
orifice  injectors. . I  " 

Effect on s tab i l i ty  limits. - Increased inlet pressure usual ly  tends t o  widen 
both the  lean and rich limits of conibwtion, especially a t  very low pressures  (refs. 
55, 56, 73,  77, and 86). As in the case of- conibustion efficiency, where fuel vapor- 
ization fs a critical  factor,  pressure may have an a d v e r e  effect upon limits. In 
figure 156, the  effect  of pressure on s tab i l i ty  l imit6  is shown for  three  inlet  
temperatures (M. 73). A t  the two higher %mperaturee, the expected widening of 
the m t s  with Increased  pressures 18 seen; but  at 810° R, w h e r e  vaporization may 
control,  the limits are independent of pressure above l8 inches of mercury absolute. 
A fundnmental treatment of the effect  of pressure on flame stabilization is given 
in chapter VI. . .. 

Temperature 

Effect on combustion efficiency. - The  two important conibustion steps of vapor- 
ization and oxidation are both  accelerated by increase3 temperatures (chs. I and III) ; 
hence, couibustion efficiency would be iniproved appreciably by increased inlet t e m -  
peratures.  This  effect of temperature has been confirmed by many combustion studies, 
although the results of some of these  reports  are of aotibtful  significance because 
of lack of control of other variables,  principally  pressure.  Investigations wher; 
inlet temperature w a ~  .the o d y  variable have shown that combustion efficfency in- 
creaws almast linearly with increasing inlet temperature  (e.g., refs. 34, 59, 62, 
77, 78, and 88).  Since  the  temperature  contribution t-0 mnibustion efficiency i s  
not the result  of two collrpetbg effects,  efficiencies increase asymptotically  with 
temperature t o  llmiting values of 1W percent. ' B t u d i e s  of ram-jet conibustors are 
pfesented i n  which increased i n k €  temperature iurpmved conbustion efficiency  greatly 
under conditions of low inlet  pressure  (ref. 60) and off-stoichiometric fuel-& 
ra t ios  (ref. 76) . However, at atmspheric  pressure and ne8r-ataichiDmetric fuel-air  
ratios, where efficiencies w e r e  normally near 100 percent,  increasing  inlet tempera- 
tures could not improve cambustion efficiency. 

EfPect on s t&i l i t y  limits. - %be stabi l i ty  curves far three W e t  temperatures 
shown Fn figure 156 Fndicate that  increased inlet  temperatures widen stability 
limits, espechl ly  the r i c h  limits. The.se findings of the  effect of temperature on 
s tab i l i ty  limits are in agreement with those of other  investigations  (refs. 27, 78, 
81, 89, and 90) . Kdiscussion of the  effect of tarperatwe on stabi l i ty  i s  also 
given i n  chapter VI. 
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Effect on conibustion efficiency. - Increased inlet   veloci ty  improves f u e l  atom- 
izat ion (ch. I) ; but,   for a given chamber lengt;fi, increased velocit ies allar shorter 
reaction  times for the evaporation and oxidation  steps in the combustor. Thus, as 
w i t h  inlet pressure,   competbg  contributbns  to conibustion efficiency are influenced 
by inlet velocity. E x p s i m e n t a l  Fnformation has been  presented wherein  combustion 
eff ic iencies  may increase up to maximum and then decrease with increasing velocLty 
( r e f .  61), decrease  vith increasing velocity  (refs.  78 and RR), or  be unaffected by 
velocity changes ( r e f .  3) . These contradictory ~ n d i n g s  are apparently due t o  atf- 
f e ren t   r e l a t ive  importances of the  atomization,  vaporization, and oxidation  step0 in 
the  co&ustor. IIZlis has been  borne out by the work of reference 71, &ere combustion 
efficiency reached a maximum w i t h  velocity for upstream o r  split fue l   i n j ec t ion  runs 
and decreased  with  increasing  velocity for flameholder fuel   Inject ion.  The  moat 
usual  findings, however, are that cordbustion efficiency  Becreases  with  increasing 
air velocity. 

. .  

b 

Effect on s t ab i l i t y   l imi t s .  - Increased  velocity  has been found t o  both widen 
( r e f .  74) and narrow ( r e f s .  4 and 78) lean Umits. W i t h  a homogeneous fuel---mix- 
ture, increased velocity would normally r e su l t  ~JI poorer lean l imi t s  of' combustion. 
However, un& cerfain  conditione of stratified fuel---mixture distribu%ion,  the 
increased mixing rates associated  with increased velocity would tend to  improve the 
local  combustible concentration. The only available literature on r i c h  limits ( r e f .  
73) ahare that the limits are decreased  by increased inlet velocit ies.  

Angle of Attack 

Angle-of-attack  operation  distorts the veloci ty   prof i le  at the combustor, and 
therefore would be expected t o  be detrimental   to conibustion efficiency.  Investiga- 
t ions of 16-inch can-type combustors at e e v e r d .  angles of at tack  ( refs .  91 and 92) 
shared that efficiency  decreased about l.0 percent  with an increase fn angle of attack 
from Oo t o  100, but   s tab i l i ty  l i m i t s  w e r e  unsffected. 

Correlations of Operating Variables 

It i s  obvious  from the experimental  literature 'that the ~ a m e  change i n  an W e t  
variable may affect conibustor performance Fn oppoBite. directions, depending on wfiich 
s tep  in   the over-all proteas predominates.  Bemitheoretical  correlations muet of 
necessity assume a cantrolJ3ng step in the  combustor. Most combustor inveetigatlons 
are conducted under conditione t o  which an  oxidation-controlled. mechanlstn wsuli l  be 
moat closely  analogous.  For this pa;rticuler  case,  the  usual  correlation of couibus- 
t ion  efficiency  tekes  the form 

'k 

where - 

1 combustion length 

as proposed i n  reference 14.. A f!+ction of t h i s  tSype -was succeesful (ref. 93)- Fn 
correlating  the performance  of turbojet  combustors und-er conditions of oonstant' 
combustor length and limited fuel-&-ratio rmges. With these  Ilmitations, the 
simplified  parameter ~T/V w i l l  su f f ice   for   cor reh t ion .  

.. "_ 



. 
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. .A correlation similar to   the preceding was derived for  application t o  ran- j e t  
conibustors ( ref .  Sa). !i?he theoretical basis for  the  correlation w a s  the assumption 
that  the mixing of burned and  unburned gases and their mvement thm- the flame 
front  controlled the over-all combustion rate. flhue, combustion efficiency was 
defined as the  ratio of the mass f l o w  of gases through the f h e  front to the over- 
a l l  mass flow of  unburned gases through the combustor 

where 

u fundamental f Lame speed 

Subscripts: 

c combustor cross section 

ff flame front 

u unburned gases 

Flame-front area and fltuue speed were evaluated in  t e n n ~  of inlet  variables to give 
a function of in le t  pressure, temperature, and velocity.  Ebpirical data from runs 
with a 5-inch rem-jet conibustor with  V-gutter flameholders could be correlated by 
the  expression 

This  expression could be @plied to  data of many different f u e l s  by multiplying the 
correlation parameter by the term (+/~r~) ’ ” ,  where ~ l p  is  the flame speed of the 
f u e l  employed and u,.. is the f k e  meed of a reference  fuel  (ref. 83). The ref2 

erence fuel used in references 83 and 94 was gasoline wLth a flame speed of 1.4 f e e t  
per second. The correlation is shown in figure 157, where conibustiou efficiency 
is plotted  against  the  correlating parameter. Reasonable agreement  between the 
results w i t h  U f e r e n t  fuels is Bham with the  exception of carbon disulfide, a 
compound with a very low ignition energy. A linear r e l a t b n  between  conibustion effi- 
ciency and the  mrrelation parameter i s  exhibited up to efficiencies of 80 percent, 
above  which the effect of the parameter on efficiency €E slight. A t  high values of 
the inlet va r i ab le  pa;rameter, therefore, couibuation efficiencg would be high end 
would be unaffected by moderate changes in inlet variables. This conclusion ha6 
also been shown in  t e s t s  in a 16-inch combustor reported Fn reference 76. 

Ram-jet combustion work has been conducted mafnly along esrperimental lines. 
Because the  f ie ld  is  comparatively new, considerable effort was expended Ln explora- 
tory programs , and only a few of the many variablea affecting ram- jet combustor per- 
formance have been Investigated  systematically. Some of the ram-jet  design principles 
which have been evolved are br ief ly  reviewed in the following discussion. 
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Flameholder Geometry 

The single-plane,  simple-baffle flameholder can be qpl led  sat isfactor i ly  a t  
favorable inlet-air conditions and at rich fuel-&  ratios. Its sing?lfcity, low 
weight and drag, and s t ruc tu ra l .   r e lub i l i t y  are very  desirable. However, a t  less- 
favorable inlet conditione  (particuhxly at inlet pressures below one-half  atmomhere 
and at lean fuel-air  ratios), the three-dimehsional  flameholder, as exemplified by 
the can trpe, has m o r e  desirable perfommace characterist ics.  The mst satisfactory 
simple-baffle shape was a V-gutter  arranged t o  form an mular-, radial-, or grid- 
type flameholder. Cokfibution performance is Fnsensltive,  within  certain  limlte, to 
variations in baffle width,  spacing,  angle, and area blockage. B a f f l e  widths of 1 
t o  2 inches and angles from 30' to 60° have  been most generally used. 

The three-dimensional  flameholder  type most widely investigated is  the  conical 
can. It is  believed that t h e   s q e r i o r  performance of  t h i s  type a t  lean fuel-air  
ra t ios  and at low pressures is  due t o  fuel-& mixing contxol downstream of the  
point of i n i t i a t i o n  of combustion, w h i c h  i s  absent in  the shuple-baffle  flsmeholiler. 
Within the  range  investigated for the  can  flameholder,  geometric  variables of hole 
number, size, shape, pitch, and open area do not influence conibustion efficiency 
appreciably, and most of the geonretzic investigations were dlrected toward reduction 
of f lameholder pressure loss. The fhuneholders investigated had open area8 ranging 
from 75 t o  175 percent. 

!DE sloping-baffle  flameholder, a combination of the  simple-baffle and the can- 
type  flameholdere, appe-ms t o  have the de6irable perPormance characterist ics of the 
can type. However, the many variables involved i n  t h i s  design have not aa yet been 
investigated. 

In reference 95 a ampexison is made of five configurations tae ted  in the ~ a m e  
20-inch ram-jet engine. From these  testa of can, sloping-baffle,  annular-piloted, 
and piloted  V-gutter flamsholder deaigns, it WBB fomd that all types gave combus- 
t ion  efficiencies of 80 t o  90 percent. A comparison on the baa19 of apecific im- 
pulse, where the  effect  of friction loss is  included, showed the same high level ai 
performance f o r  all d.e&.gne. 

Pilotfng 

The use of a large-size  pilot  i n  canjunction  wlth  either  the simple-baffle or the 
cau flameholder i s  .a deslrable design principle for improved cambustion  performance, 
par t icular ly  at lean-fuel-air-ratio  canditiam. It has been shown analytically and 
experimentally that a shielded, Low-velocity pilot zone can occrrpy E relatively large 
percentage of the canbustar area without causing or  producing  exceseive  pressure 
b a s e s   ( r e f .  42). - .  

Both high conbustion efficiency and wide s t ab i l i t y   l imi t s   a r e  &sired In pilot8j  
but it has been found experfmentally that a p i l o t  which ha8 vide s tab i l i ty   l imi t s  
usually has poor combustion eff iciency. The importance of pi lo t  burning ef f ic iemy 
on o v e r - a l l  combustion performance has not been def ini te ly  established, except t o  
the  extent that, where the p i l o t  heat  release  represents a large portion of the t o t a l  
heat release, the p i l o t  combustion efficiency a h o d d  be high. A circular   pi lot  C Y 0 6 6  
section gave better efficiency than a rectangular &%e$ i ecuon,  8ixX a p i l o t  hXlgf@ 
eq- to its diameter was adequate. Pflot performance was insensitive to hole rlize, 
number, and spacing xithin the l i g t s  investigated. $or h g e - s i z e  combuetors, an 
annular-shaped p i l o t  i s  belleved to have BZL adwstage over the  centerbody pilot ,  
since  for a given p i b t  cross-.aectional area, the  ragal-tLetance from p i l o t   t o  
outer wall can be reduced. 

" .  ." ."" . . . . . . . . . . .  .. . 
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Fuel injection 

Location of injectors.  - The location of the  fuel Injector uith respect to the 
flameholder is one af the m e t  significant variables  influencing ram-jet combustor 
performance. In  general,  for  .efficient combustion at lean fuel -a i r   ra t ios  it is 
desirable to   s t ra tFfy  the fuel-air mixt;ure, thereby producing a locally  stoichio- 
metric region. For near-stoichiometric  operatiw, a homgeneous mixture  gives best 
results. I d o m t i o n  on mixture dis t r ibut ion downstream of f u e l  injectors i s  given 
in rhspter I. A stratified mixture can be obtained  with some degree of effectiveness 
by radial and axia l  lo&€.ion of  the f u e l  Fqjector SO t h a t  the fuel mixes with only a 
portion of the combustion air. A mare effective technique for obtaining stratifica- I 

t i o n  i s  mechanical control of fuel-air mixing by mew of a mixing control  sleeve 
( r e s .  1 75) . 

For e f f ic ien t  combustion at lean as w e l l  as r i c h  operation,  the use of dual 
fuel-injection systems is neceseary.  For best conibustion efficiency, the primary 
injector  sugplles t he   fue l  at lean fuel-air rat ios ,  and both  primary asd secondary 
iqlectora are used f o r  r ich mixtures. A t  increasingly r lch operation, a smaller 
f ract ion of the fuel is supplied by -e primary end the remainder  by the secondary 
inlector.  

LocatFng the fuel lnjector u p s t r e a m  of the fhmebnmPhnlder is a genera- accepted 
practice.  However, care must be exercised to prevent  flame from seating u p s t r e a m  of 
the flameblder,  ea-pecFally w i t h  the  can-type  flameholder. It i s  possible to in jec t  
the fuel within the flameholder, and combustion efficiency, though not maired at 
lean   fue l -a i r   ra t ios  by this method of injection, i s  poor at r i c h  conditions. 

rrypes of injectors. - Simple-orifice, solld, snd hollow-cone sprays have  been 
used with  equal  success. 5 e  spray bar with multiple orifices provides a large m- 
ber of injection  points  with Httle area blockage; this is desirable f o r   r i c h  opera- 
t ion.  However, spray  nozzles do not plug as easily, and changes In  nozzle t i p   s i z e  
can be readily made. Variable-area fuel noezLes also seem suited for rem- jet 
application. 

Fuel me 
The majority of the Investigators have  concluded that fo r   i n l e t - a i r  tempera- 

tures corresponding t o  f l i g h t  Mach nunibere of 2.0 or greater, combustion is satis- 
factory with either gasoline  or Jp fuels. High-volatility and high-flame-speed fuels 
such as propylene  oxide show some gains at severe  operating  conditions such as at  
low Inlet-& temperatures  or  wlth short, combustor lengths. 

I n l e t - A i r  Conditions 

The conibustion efficiency of ram-jet combustors follows w e l l  known trends w i t h  
inlet-air ccmdltions.  Efficiency under usual conditions increases with pressure and 
temperature and decreases WFth velocity. These effects have been  correlated for an 
idealized conibustor i n  which the vaporization and mixing steps have been elim5nated 
as possible  rate-controlling mechanisms (ref. 94) . For these reasons, and because 
the  effects of other  vaxiables such as conibustor length and operating fuel-& r a t i o  
have not been def ini te ly  established, these correlations can be applied  specifically 
only In certain cases. 
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Blow-out fuel-air r a t i o  

Figure 131. - Correlation of blow-aut data with gutter s i ze .  Conbustion- 
chamber-outlet t o t a l  pressure, 2000 pounds per square  foot  abeolute. 



(a) S t a k d  flameholder mounted in (b) Three- quarter- scale P lameholder. 
flameholder section. 

( c )  Double-acsle flameholder. (a) 1.4 Spaced flameholder. 

Figure 133. - Gutter-grid flameholfkre uged -in- 20-inch r8m j e t  (ref. 35). 
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Gutter  angle, deg 

Figure 134. - Effect on combustion efficiency of gutter angle of adjusta- 
ble three-gutter flameholder. 20-Inch ramjet   v l th  5-foot colnbuetion 
chaniber; fuel-air ratio,  0.072 t o  0.078; combustion-chariber-blet a ta t ic  
pressure, 1500 pounds per square  foot absolute (ref. 35). 
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Flaiueholder blocked area, percent 

Figure 135. - Effect of flameholder blocked area on combustion efficiency. 
Fuel-air r a t io  , 0 .OS; caPibustion-chamber-exit pressure, 1800 pounds 
per square  foot  absolute (ref. 26). 
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Figure 139. - Annular-piloted conibustor configuration (refs. 50 and 51). 
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Figure 140. - Comparison of combustion performance of planar 
and  three-dimensional  flameholders. Inlet-air temperature, 
600° F; velocity, 230 to 260 feet  per  second;  pressure, 31 
to 35 inches of mercury absolute. 
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Figure 145. - Conibustion  efficiencies of immersed-surface  configurations 
wlth both cooled  and uncooled blades.  Inlet-air  pressure, 1 atmosphere; 
inlet-air  temperature, 660° R; velocity, 200 feet per second; fuel, gaS0- 
line wLth high-pressure injectfon. 
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(b) Split-injection burner. 

( C )  I?Umholder split-injection burner. 

( d )  Flameholder Injection burner. 

Figure 148. - Fuel-injection arrangements used in oper- 
ational performance inveertigation of 20-inch ram-jet 
(ref. 71). 
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Fuel-air ratio 

(b) RaaFel Location. 

Figure E O .  - Effect of f'ud-lnjector~locatlon on perrormance of can- 
type combustar. Inlet-air presaure, 32 to 36 Fnchea of mer- abso- 
lute; inlet-air temperature, 1050° to 1070O E; velocity, 230 to 260 
feet per second; fuel, MIL-F-5624A grede JP-4 (ref.  7 2 ) .  
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(a) c&ustion efficiencies. 

Secondary-fuel- Fu jector  ring 
diameter, in. 

(b)  Fuel-aFr r&io at maxirrmm efficiency. 

F'igure 151. - Effect of secondary-fuel-injector ring  diameter on con- 
bustion. Inlet-air  pressure, l5 inches of mercury absolute;  inlet-air 
temperature, 5800 R; fuel, ANF-48; 20-inch-diameter'combuetor; 20-per- 
cent pr- flaw (ref. 73) . 
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Figure l.52. - Effect of fie1 staging m conibustor performance. 
Wet-air pressure, 32 to 36 in~hes of nmerouq sbeolute; inlet- 
a* teqerature ,  10500 t o  10700 R; velocity, 230 t o  260 feet per 
seoond; fuel, MIL-F-56Z4q (ref. 72). 
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Inlet-air preseure, in. Hg ab8 

Figure 155. - cambus.tloa efficiency of ZO-lnchdlameter ran-jet Corn- 
bustor BS function of fuel-alr ratio and burner Inlet preaaun.  me$: 
air temperature, 920° R; fuel, AEIP-58; exit norsle, 55 peraent (ref. 77) .  
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Figure 156. - Effect of Inlet-air preZ6u-e on cbmbustion - i i d t i f o r .  %e. hlet temperaturee -. T" 

in 20-inch-dieter ram jet with can-type flameholder. Fuel, AUF-48 (ref. 73). 
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Figure 157. - Correlation of conibustion efficiency f o r  V - g u t t e r  flameholder 
Fn 5-inch ram- j e t  combustor for 14 pure fuels, a gasoline, and 2 fuel blende. 
(Blend  A  contains 2/3 propylene oxide plua 1/3 iaopentane by weight; blend B, 
1/3 propylene oxide plus 2/3 ieopentane by weight.) 
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Afterburners for  turbojet  engLnes  have, xithin the past decade, found increas- 
ing application in service  &craft.  PracticaUy a l l  engines manufactured tobay 
are equipped with sane form of afterburner, and its use has increased f r m  what was 
originally a short-period thrust-au&nentation  application t o  en essential  feature 
of the  turbo jet pmpulsian system for f l igh t  at supersonic  speeds. 

The design of these afterburners has be= based on -ive research and de- 
veloFpnent effort  in expanded laboratory  facilities by both  the MACA and the American 
engine industry. Nost  of the work  of the engine industry, however, has either not 
been published or ie not generally available arlng t o  its proprietary  nature. Con- 
eequently, the main bulk of research hfonaatiaa available for summary and discus- 
sion is of NACA origin. However, because induetrial  afterburner developnent hEas 
closely follaredXACA research, the omlelsion is more me of technical detail then 
method or concept. 

One principal  difficulty  encantered in  su~lnnarriehg the work in  thia f i e ld  fs 
that sufficient knowledge does not  yet exist t o  rationally or directly integrate 
the available bac-und  of basic canbustion principles into combustor des-. A 
further difficulty is that most of the - r a t &  investigations that have been 
conducted w e r e  directed chiefly toward the devel-t of specific afterburners fo r  
various  engines  rather than to the accumuletion of systematic data. This work has, 
nonetheless, provided. not only substantial improvements in the performance of eter- 
burners  but also a Large fund of experimental data and an extensive background of 
experience in the field. Consequently, it is the purpose of the present  chapter t o  
summarize the many, end frequently unrelated, experimental investigations  that have 
been conducted rather than to formulate a set of design rules. In the treatment of 
this material  an effort has been =de, however, t o  convey t o  the reader the " h o w -  
how" acquired by research engineers in the course of afterburner studies. 

The material presented is divided into  the follawing topics: 

(1) Experimentd procedUres 

(2) Burner-Wet diffusers 

(3) Iepition,  starting, and transient performance 

(4) Fuel-hdection systems 

(5) Flameholder design 

(6) Combustion space 

(7) Effect of operating var~les 011 performance 

(8) Combustion instabi l i ty  (screech) 

(9) Effects of diluents on perfornrance 
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Each topic is treated samewhat independently, although ,5nteracting consideratiom 
w e  discussed where known or impartant. I J u m e r c u a .  references me  Ustea for  the 
convenience of those who may desire more detailed  treatmnt  than is posalble  herein. 

No attempt is made t o  describe  the details of the apparatus and teat  procedures 
used, although  they m e  available in many of the references. The general range of 
afterburner  operating  cmditians discussed ccPnprise burner-inlet  velocities frcun 
400 t o  600 feet per second, burner-inlet preseurea fran 500 t o  3500 pamdg per 
square foot  absolute,  inlet tenperatures of agproximately 1700' R, and afterburner 
fuel-air   ratios from about 0.03 t o  about 0.08. Most. of the data were obtained with 
afterburners  operating on full-scale -ea in either an al t i tude  tes t  chamber ar 
an alt i tude wind tunnel. BORE data were also obtalned f r a  static-test-stand engine 
setups and from full-scale  afterburners connected t o  a preheater and an air-supply 
duct. 

c 

The blower-rig setup was provided with a preheater aad an annulax burner-inlet 
diffuser   to  slumlate turbine-outlet  conditions and was connected to central labora- 
tory combustion-air and exhaust esuipment. A choked, fixed-area exhaust nozzle t h a %  
discharged Fnto an &ust plenum chamber pKJvitted at the  afterburner  outlet. 
The full-scale  turbojet engines used f o r  most . o f  the inVesi;ie;Btbns were installed 
ej.ther in ea alt i tude wiid tunnel  or in .ea alt i tude test chamber; same data were 
CLEO obtafned fram s ta t ic   sea- lwel   t es t  stands. A l l  engines were installed on 
thrust -measuring platf omla. 

. .  .. - 

In the engfne installations, +e principal independent operaking V 8 Z i a b l e R  were 
afterburner fuel-air ra t io  and inlet  preseure. V a r i s t i a a s  in fuel-air ratio re- 
quired sbil tanears  variation h exhaust-nozzle area by use of either a varlable- 
gemetry nozzle or a series of f w d  nozzles in order t o  maintain canetant turbine- 
inlet tempemture; control of afterburner-Inlet pllesEure was obtained by varying the 
simuLated altitude of engine operation. Varlatione In afterburner-inlet  velocity 
could be made independently of other  operating  variable8 only by changes in after- 
burner  diameter. Afterburner-inlet .temperature wss -egtabl.&%d.by engine operating 
requirements, and was not azi ina?pen&& variable of operation. Because the blower- 
r i g  setup was divorced ffom engine operating requireD=nts, C-8 in inlet  veloc- 
i t y  could be made at constant values of In le t  p r e e m  and af fuel-air ra t io  by 
variations of the exhaust-nozzle area. 

The type of fue l  used in  the varfous Fnvestigaticms w a s  determiaed primarFly 
by availability or, in the  case of specffic engine develppent progrsms, by military 
requirements. Moat of the early eIqeriment8 were therefore conducted with gasoline 
or kerosene, and later experiments with JP-3 or JP-4 fuel. Only a f e w  experiments 
have been conducted in which a given afterburner was operated on more than one type 
of fuel. Specific data an the effect of fuel type are therefore not available. 
Except fop differences fn spontaneous ignitFan  characteristics, as discussed later, 
however,  no lsrge effect of fuel type withla the range used has become apparent in 
the  general  course of the work. 

When the afterburner on the engine setups was equipped wLth a fixed-area ex- 
haust nozzle, the sfterburner-outlet temperature was determined by two methods. 
Gne is based on flow continuity  thmugh the nozzle throat and Ghe other on Ilhomentum, 
or j e t  thrust, considerations. With the flow-cantlnulty method, the  actual measure- 
ments required t o  campute exhaust temperature are aozzle-out;let  totfil  pressure, 
effective nozzle flow =ea, and to t a l  gas f l o w ;  with the manenturn  method they eze 

. 

. 



NACA RM E55G28 Ir 301 . 

I 

. 

nozzle-outlet t o t a l  pressure, jet thruet, and total-gas flow. W i t h  proper instru- 
m t a t i o n  and by use of appropriate gas properties and nozzle  coefficients, satis- 
factory agreement  between the two methods is usually obtained. When the  afterburner 
was equipped with a variable-area exhaust nozzle, the outlet  t-erature was usually 
cuquted only by the moanentum  methhod because of the uncertainty of the effective 
nozzle  flow area under all conditions of operation. In the bluwer-rig setup, the 
burner thrust wa8 not measured, and outlet temperature was therefore ccPqputed only 
by the flow-continuity method. 

The combustion eff ickacy of an afterburner has been computed on at least four 
different bases i n  t h e   w i o u s  references cited. These four definitions of ccanbus- 
tion  efficiency are: (1) ra t io  of actual  enthalpy rise tx heat input i n  the fuel, 
(2) ra t io  of the ideal f u e l   f l a r   f o r  the actual teqperature rise to the actual fue l  
flow, (3) ra t io  of the  actual  teqeratyre rlse to the ideal temperature rise for the 
fuel f l o w ,  and ( 4 )  ra t io  of actual enthalpy r i s e   t o  ideal enthalpy rise based on the 
corresponding  temperature rises. A t  fuel-air ratios almve stoichimetric,  methods 
(3) and 4 give  values of efficiency  appreciably greater thaa those  ccmpted by 
methods H 1 and [Z); at  lower fuel-air   ratios,  all four methods substantially agree. 
The data presented  herein  fran  different  smces are, however, either for fuel-air 
ratios a t  which the dlfferences in efficiency are only 3 or 4 percent or the results 
fram any one investigation,  or within any one figure, are consistent  within them- 
selves. It was therefore considered unnecessaxy, for  the purpose of GBis BUIIIIIIEU~ 
report, t o  reduce all efficiency data t o  a ccmpnnn basis. Because of the  differencee 
in efficiency  calculations, however, and because different  types of afterburners fn 
various states of  development were used, the results presented  hereia  should  not  be 
c m e d   f r m  one unrelated figure to another. 

For a l l  calculations,  the  fuel-flow to  the  afterburner w&8 taken t o  be the sum 
of the fuel dlrectly injected into the afterburner and the unburned fuel enter% 
the  afterburner because of Fncmqlete  caibustirm in the primary  engine  canbustor. 
The afterburner is thus made liable for  unburned primary-conibustor fuel.  The after- 
burner fuel-air   ra t io  is defined 88 the   ra t io  of t h i s  weight of fuel to the weight 
of  unburned air frcan the primary engine ccmibustor [or preheater) . 

The aerodynamic characteristics of the diffuser between the turbine exhexst 
and the afterburner inlet have an important influence m the performance of the 
afterburner. These characteristics, fn conjunction  with  those of the  turbine, de- 
termine  both the  velocity  distributian and the mass-flaw distrfiution  entering the 
afterburner. The effectiveness of the diffuser in reducing g ~ t r ,  velocity below the 
turbine-discharge  value is important, because high burner-inlet  velocities have a 
detrimental  effect m &-kcburner perfcmnmce. The mass-flow distribution deter- 
mines the  required  fuel-flow  distribution and, hence, the  desigu of the fuel- 
injection sys%em. In addition, dfffueer pressure losses have a first-order  effect  
011 thrust. 

Turbine-exhaust gases are discharged f r a u  the turbine  into the anuular W e t  
of the  afterburner diffuser at average axial Mach mmibers frcm 0.4 t o  0.8, and at 
flow directions that may be e x i d  or  as much as 4oo f r o m  the axial, depending on 
the turbine design. To provide satisfactory  velocities a t  the Bfterbmer inlet ,  
the diffuser is use required t o  have an area ratfo between 1.5 and 2.0. space 
and weight ccmsiderations u.sually dictate maximum diffuser length less than  twlce 
the afterburner diameter. 
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These are extreme diffuser requirements and in niost  ca8e6 the$ l i e  outeide the 
realm of hown diffuser-design  techniques. It is not. surprisfng that large pressure 
and velocity  gradients  u~Ua;lly exist at the  outlet of afterburner  diffusers,  or that 
an appreciable lose in to t a l  pressure occurs in  the difmer. 

Effect of Diffuser-Outlet  Velocity on Afterburner P e r f o m c e  

No precise criteria are known that relate the performance of an afterburner t o  
the magnitude of the  velocity  gradient at the burner inlet. Experience h a ~  shown, 
however, tht afterburner performance is sensi t ive  to  magnitude of the  velocity of 
the gases flouing mound the flmneholders, deteriorating aa the &ae velocity near 
the  flawholders  increases. A typical -le fran reference 1 of the  effect of 
velocity on the performance of a h i m  developed afterburner is shown in figure 
l58. The afterburner was about 42 fee t  long and had a c m e n t l o n d  V-gutter  flame- 
holder and conventional  fuel-syetem  cmponents. As shown in .figure l58(a>, the 
inlet  velocity at the  center of the burner was low (typical of most afterburner 
diffusers) campared with the  velocity in the region of the fLameholders. When the 
average velocity through the  afterburner was about 380 feet  per second, the veloc- 
i t y  near  the flameholders vas approximately 440 feet  per second. As the average 
velocity  increased,  the  velocity in the  center of the burner r u e d  about the 
same but  the  velocity  near the flameholderr% incremd. A t  an average velocity of 
675 feet per second, the  velocity near the flameholders was SB high as 800 fee t  
per second. 

1 

The combustion efficiency, as shown in figure 158(b), decreased  considerably 
as the average inlet velocity  increased. A t  a burner-Wet  pressure of  570  pound^ 
per square foot  the  efficiency decreased frm about o,88 -at . a n  ave- inlet  veloc- 
i t y  of 380 feet per secand to-about 0.60 a t  an average inlet  velocity of 680 feet 
per second. It is apparent that, in t h i s  burner, the  velocity in the region of the 
flameholders may not exceed 450 t o  500 feet  per secod if cdus t ion   e f f ic ienc ies  
of 0.85  or  higher axe t o  be  maintained at l a w  burner-inlet  pressures; t o  mainbaFn 
efficiencies of 0.8, local velocities-should not exceed about 600 feet  per second. 
A t  high  afterburner-inlet  pressures,  the performance is  considerably less  sensitive 
t o  velocity. As shown in the  figure, at a burner-inlet  pressure of about 1100 
pounda per  square  foot,  c&ustion  efficiencies  abwe 0.80 may be obtahed with 
local  velocities of about 750 feet  per second, corresponding in this case t o  an 
average velocity of about 675 feet  per second. 

L 

" 

Similar trends have been found in  other  investigations. For example, in one 
afterburner deve-t (ref I 2) in which the velocity in t h e   r e g i a  of the flame- 
holder was about 700 feet  per second, conibustion effisiencies above 0.72 c d  not 
be obtained a t  lo# burner-inlet pressures, even  fhough a relatively long  burner 
length was used and extensive development effort  was expended on the flameholder 
and fuel system. 

A qualitative measure of the merit of 811 afterburner-inlet  diffuser is, there- 
fore, the magnitude of the gas velocities it provides in the region of the flame- 

holder.  For an afterburner about 4- fee t  long that 3.a t o  operate a t  low inlet  pres- 

sures,  the diffuser should  provide velocities in t h e   r e g i a  of the fLemeholder that 
do not exceed 500 to.6UC-feet per aeon&.- For high inlet  pressurea, local veloc- 
i t i e s  as high a8 750 feet  may be acceptable. 

i 
. ." " 

1 
2 

In the absence of a rigorous method of diffuser design, two general  types nf 
diffuser have been developed. We is a long diffuser having a gradually inceasing 
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flow mea, and the  other is a short diffuser in which the  inner body ends abruptly 
at scene convenient length. With the short diffuser, the  blunt end of the inner body 
c&~1 serve as part  of the flameholding surface. With long diffusers, the average 
velocity of the gases entering the burner is low, but some canbustion  length is 
sacrificed  (for a given over-all  afterburner  length); w3-th short diffusers, ccmbus- 
tion  length is greater  but gas velocities  are  higher. It is evident that one of the 
parameters of primary Importance in determiniag the  effect of diffuser performance 
on afterburner performesce is the diffuser length. Other desi- features of inter- 
est me the shape of the aiffuser inner body and the type of conwol  devices, such 
as vortex generators, or vanes, that my be added t o  improve performance. 

Effect of Diffuser Length 

The effects of diffuser l e m h  on diffuser-outlet velocity  profiles and pres- 
sure  losses are reported in reference 3, which presents  the performance of the 
series of four diffusers represented in figure 159. Diffuser length varied fran 
less than 0.1 diameter t o  1.05 diameter; all had an outlet-inlet sea r a t io  of 1.92. 
AcccqanyLng the variation in length w a ~  a variation fn the shape of the inner body 
that, as w i l l  b.e discussed in a subsequent paragraph,  probably had l i t t l e  effect  m 
performance. The diffueers were teated in a duct that  Imposed a W f u s e r - M e t  ve- 
locity  distribution approximating fully developed p i p  flow. This velocity d i s t r i -  
bution is an appraximate simulatim of the diffuser-inlet velocity  conditions in 
sane engkes. 

Velocity profile at the diffuser outlet and the pressure loss f o r  the four dif- 
fusers are shown in figure 160. As discussed in reference 3, because of the  errors 
inherent in measuring t o t a l  pressures in highly  turbulent streams, the  values of 
pressure drop presented -shariLd be considered qualitative and ind.icative of relative 
losses anly.  Pressure loss h t a  for diffuser 4 have no intrinsic  sipplficance, 
inasmuch as the  diffuser  cansiats simply of a sudden expansion. As diffuser length 
was increased the loss i n  t o t a l  pressure increased but the  velocity  profiLe Improved. 

With diffuser 3 {fig. 160{b)), the  velocity in t h e   r e g i a  in whlch flameholdem 
would be located was above 0.8 of the d-lffuser-inlet velocity. If diffuser 3 were 
t o  be used with an *burner, the average burner-inlet  velocity could not exceed 
approximate- 400 feet per  seccaa (correspodiag to a MfuSer-wet   ve loc i ty  of 
about 700 ft/sec), if velocities in the flameholder region  are t o  be d t a i n e d  
below the 500 t o  600 feet per second rewed fo r  good high-altitude performance. 
Increasing  the length-diameter ra t io  froan 0.51 (diff’uaer 3) t o  1.05 (diffuser 1) 
would permit an increase in average burner-inlet  velocity to appraximately 470 feet  
per second without exceed3ng ve lwi t ies  of 500 t o  600 f ee t  per seccmd in the  flame- 
holder  region. The average burner-3nle-b velocity requirermnt for m s t  modern en- 
gines is generally between 450 and 550 feet  per second. It is apparent thst d- 
though the increase in length froan 0.51 t o  l .05 diameters considerably  irqroves  the 
performance of t u  series, a.length-d-ter ra t io  of 1.0 (at 811 area ra t io  of 
1.92) is not great eno@ t o  assure efficient burner  operation at high altitudes 
for  a l l  modern engines. 

Data are not available t o  show directly th effect m velocity  profile of in- 
creasing the length of the  1.92-area-ratio diffusers beyond the 1.05 length-diameter 
ratio.  In figure 161 the performance of the three diffusers shown in figure 160 is 
plotted as the  ra t io  of the average  burner-inlet  velocity t o  the approximate veloc- 
i t y  of the gases flowing through the porticm of the burner inlet in which flame- 
holderg would be  located, against the  length-dbneter  ratio. The iqrprovement in 
this  velocity  ratio as diffuser 1-h increases is evident.  Extrapolation of these 
data indicates that 8 diffuser length-diameter ra t io  of about 1.5 WOuLd permit the 
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use of average  burner inlet velocities of about 500 feet  per second. Figure 161 
also  presents data for  two diffusers having grea€er  values of l e n g t h - W t e r   r a t i o .  
One, with an area  ratio of 1.5, has a length-diameter ra t io  of 2.35; the other, 
with an area  ratio of 1.3, has a length-aiameter ra t lo  of 1.85. An improvenent in 
velocity  ratio is evident for  the longer, lower area-ratio dFfPusers aa cmpared 
with the  1.92-area-ratio  diffusers. Although a direct quantitative ccropzisan of 
the  data f o r  the  five  diffusers can not be made because of differences In diffuser- 
in le t  conditions,  the improvement-undoubtedly i a  the combined results from both the 
increase i n  length and the  decrease Fn area  ratio.  Gufficient data are not avail- 
able  to  separate  the two effects. It appears, howeyer, that  with  reasonably uni- 
form diffuser-inlet  conditions,  maldistribution of velocity a t  the burne r  Inlet will 
limit the average .velocity that may be tolerated without large performance l o a s e s  
only for  installations i n  which the  length-diameter ra t io  I s  l e se  than about 2, and 

t h e  area  ratio is greater than l$. 

Diffusers with  Truncated  Inner Bodies 

In many diffusers, the f low separates from the  inner body severa l  inches up- 
streem of the diffuser outlet .  Such flow separation occurred, for example, in 
diffusers 2 and 3 {fig. 159). In such cases, the presence of an m e r   b d y  down- 
stream of the  sepsration point probably has no effec% On diffuser performsnce. 
The diffuser  inner  baly could theref ore ha+ been cue off at the separation point, 
thus  providing a reduction in over-all  length without altering the performance. If, 
however, the inner body is cut off appreciably upstreem of the separation point, an 
effect of length an perf o m c e  Would be q e c t e d .  Performance of sane dFffusers 
altered in thfs  manner is presented in reference 4; the data are sumarized in f Lg- 
ure 162. This figure  presents  the pressure losses and the  Wfmer-outlet  velocity 
profile  for  truncated d i f f ~ e r s  of two -length8 and of two inner-body angles f o r  
diffuser area ratfo] for a given length. 

Increasing the length-diameter ra t io  fran 0.35 .t;o 0.5 resulted in a significant 
improvement in velocity profile and a reductim in total-pressure losses of over 50 
percent. Performance of the two diffusers having a Length4iamter rat io of 0.5 
wa8 not affected by the a m a l l  difference. in outlet-to-idlet area rat io .  

As previously discussed, cutting off the diffuser before  the  sepaxatim p o u t  
results in sn increase in velocity at the  diffuser outlet campared with a dlffuser 
that extends t o   t he  separation  point. The ra t io  of average burner-inlet velocity 
t o  local velocity in the flameholder region for  the two lon&s+ cut-off d m e r s  
of figure 162 ia approximately 0 -7. Such diffuser8 could the&f&e  be use& in 
afterburners with average inlet  velocities of about 590 feet per second without 
sacrifice in altitude perfonmace or incre.ase in burner  length. Although the ve- 
loci ty  ratio of 0.7 is about. the same as that presented in figure 161 for a 1.92- 
area-ratio  diffuser with a length-diameter ra t io  of 0.511 no generality is implied 
by the results b e w e  of differences in area ratio and d i f fuse r -we t  conditiane. 

Effect of  Inner-Body Shape 

As dfscussed  previously, it was assumed in the FnveEltigation of diffuser  length 
that the shape of the inner body haa a negligible e e c t  rn diffuser performance. 
The valldity of th i s  assuIlq?tion 2s supported by the results of previously unpub- 
lished NACA tests, shown i n  figures 163 ana 164. Figure 163 s h m  the canfiguratlms 
and axial area.varia.tFon of two diffusers with different inner bodlee that were 
tested in an afterb- englne. The rate of chmge of flow area with length waa 

f 

c. 
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greatly  different  for the twu inner bodies up to a length of about 34 inches. The 
velocity  distribution WBB measured at  the %-inch static&. As shown in figure 164, 
the velocity  profiles were very nearly the s a u ~  with the two inner  bodies. These 
results indkate  that inner-body shape (for a canstant diffuser length) has cnily a 
minor effect on diffus&r-autlet *city profile. The data also shoved pressure 
losses  for  the two dlffuers were very  nearly  the same. 

Of the numerous flow-control  devices that have been used Fa flow paasages, only 
vortex  generators have been caugrehemively  investigated in dipfusers suitable  for 
afterburner inlets. Brief investigatiaua have, horn, also been made of azmular 
vanes and agnuLar shrouds or   sp l i t t e r  ducts. 

Vortex generators. - References 3, 5, 6, and 7, dZscuss tests in which vortex 
generators were used t o  energize  the boundary layer along the inner cone (and in  
some cases dong the outer shell as we=). me- action is t o  de~ay flaw separa- 
tion, and thereby permit the use of s l ight ly  shorter diffusers without loss in per- 
formance or  slightly improve performance for the sem? diffuser length. It has been 
f a d  that differences in aiffuer-inlet velocity  proflle,  diffuser  length, inlet 
whJrl, and diffuser ehape all influence the optimum vortex generator  configmatian. 
In  general, it has been found that effective  vortex  generators must be placed sev- 
e ra l  chord lengths upstream of the dFpfuser separation  point ana must be long enough 
radially t o  &end through the bounhry wer l n t o  the free stream. For diffusers  
2 01 3 feet  i n  diameter, f r a n  20 t o  40 equally s p e d  vortex  generators are  required. 
Chord length was between 1 and 3 inches and angle of attack ma between l3O and 1 9  
in  most tests. W i t h i n  this range, the effectiveness of the v&ex generators waa 
not  sensitive to chord length or angle of attack. The optimum values of axial lo- 
cation and vortex  generator span must be  determined experiment- for  each 
configmat Ian. 

> 

“pical   effects  of vortex  generators cm diffueer performasce are shown Fn f ig-  
ure 165. Outlet-velocity  distributions are given for diffusers 1 and 3 of figures 
159 and 160. The vortex  generator  configurations used in these tests were consid- 
ered t o  be approXima+ely optimum on the basis of preceding  investigatiane. Twenty- 
four vortex generators were installed 1 inch upstream of the confluence of the cyl- 
indrical  section of the diffuser inlet section and the curved portion of the hner 
body. Each was an IBACA 0012 unt-ted a i r f o i l  of 3-inch  chord and 1/2-inch span 
with the chord skewed 150 t o  the axis of the aiffuser. Alternate vortex generators 
were skewed t o  the left, a d  the intermediafie ones skewed t o  the right. With both 
long and short diffusers, the vortex  geherators improve the  velocity  profile only 
slightly. The effect of vortex generators on pressure drop has also been found t o  
be very Bmall. 

Annular vanes. - kmz€~fki3 of aaaular vanes axe suggested in reference 8 as a 
* device t o  Improve velocity  distritxrticm in  d3f fmers .  A brief investigation of 

Etnnular vanes f o r  afterburner diffusers is reported in reference 6. Three config- 
urations  investigated and their  outlet-velocity  distributions  me shown in  figure 
166. In configuration A, a cascade of f ive armulax vanes was installed, with a 
blunt inner cone. !&e vanes were siuqle, slightly cambered, sheet metal hoops with 
rounded leading edges.  Successive vanes had s l i g h t l y   U f e r e n t  angles of attack . as suggested in reference 8. As shown in figure 166, the  outlet-velocity profFle 
with t h i s  configuration vas faply uniform, neglecting smal l  epgdfents caused by 
wakes off the vanes. The pressure loss of configuration A was very high, however, 
{7 percent of diffuaer-inlet  total  pressure). Configuration B had a longer inner 
cone, with  vortex  generator8  attached and no annular vanes. Although the  pressure 



loss was only about two-thirds that of diffuser A, the velocity  profile was poor 
with a large  sepessted  region in the center of the burner. The vortex generatars 
were removed frcan configuration B, and the two upstream vanes of diffuser A were c 

installed t o  f o m  cmfiguratian C . Both preesure loss and velocity  profile. w e r e  
about the same fo r  configuration C as for  configuration B. 

.. * 

On the basis of these  preliminary tests,  azmular cascades are effective in - ”. ” 

prwentFng  large  gradients in burner-inlet  velacity,  but only at the expense of 
large  pressure losses. Additional aevelqFanent . i t m y  e d u c e  a mre favorable  c&i- 
nation of inner body and vanes. . . _  

.. ” 

*E  
Spli t ter  shrouds. - The use of sp l i t t e r  shrouds t o  divide  the diffuser into 2 

two concentric ann-.  passages w a g  b r i e fD  ..Invest”ted i n  _ s - E c e  9. The short 
diffueer  represented in figure 167 was tested with and w i W t  a spll txer . - 6 & 3 ’ I J L ” . .  . ”- ”- 

surrounding the  inner body. The sp l i t t e r  produced a lower velocity in the outer 
4 inches of the  diffuser  outlet,  but  velocity in the  center of the annulus wa8 in- 
creased t o  an undesirably high.value. With the splitter, diffuser  pressure lose 
was slightly higher. 

These results have been generally confirmed by tes t s  Fn other type13 of dif- 
fusers. The use of the sp l i t t e r  reduces the velocity in one passage, but, the re- 
duction is u6u.aU.y accmanied by an increase in velocity in the  other passage to 
undesirably high valuea. Although the data available  are by no means conclusive, 
sp l i t t e r  shrdlds seem to  be of doubtful advan”ge. 

. . . . . . . . .  

Effects of Whirl on D i f f u s e r  and Afterburner Perfarmance 

Depending  on engine design and t o  same extent on engine operating  conditions, 
the  direction of flow at  the  turbine  outlet (diffuser inlet) llvsy be as much ae 2W 
t o  30’ from axial .  Ty-pically, aa the flow  progreases through the  diffuser  the angle 
of whlrl increases, w i t h  the  greatest  increase occurr ing near  the  center body. As 
a result, a diffuser-inlet whirl anglie of about 20° .may result Fn. an average 
diffuser-outlet (afterburner--et) whirl angle 88 high ae 40‘ or 50° with local 
whirl angles near the center  b&y as high a8 70° or aOo (ref. 3). The effects of 
this whirl on afterburner and diffuser performance have been investigi%ted in refer- 
ence ID, and some typical r e su l t e  are reviewed in the subseqyent paragraphs. 

4 

Effects of w h i r l  on afterburner performance. - Xn figure 168, the effects of 
whirling flow on the c&ustioa  efficiency of the typical afterburner of reference 
10 are shown. The whirl angles at the diffuser  outlet  (xithout  etraightening vanes) 
were greater  than 3 0 ~  (fig.  168(a)) over most o f  the flow pass-. Perfonssnce of 
the  afterburner with this large  whirl and with met of the -1 eliminated by 
straightenkg vanes is ccmpared in figure 168(b). It is evident tht whirl has no 
significant  effect on afterburner ccanbustion e f f i c i k y .  Similsr resulte were ob- 
tained over a range of altitudes between 30,oOO asld 50,OOO feet. 3ecause changee 
in whirl angle result  in changes in velocity and maas flow distribution at the after- 
burner inlet, it was necessary to  revise  the fuel m t r i b u t i a n  to obtaln an optinnnu 
distribution when the  whirl  angle was changed. ”he afterburner vas otherwise un- 
changed for  the cmparative tests. 

1. 

Although whirl has l i t t l e   e f f e c t  on canbustion effkiency, large whirl 
angles can lead t o  operational  problem. Xn burners uith a large amount of WhFrl 
and with fuel  injection ahead of inner-body support struts, fLeme may seat in the 
wakes frm these  struts and cause warping and buckling of the Wf’wer -6 .  To 
avoid  these  operatianal  difficulties, it seems advisable t o  reduce  wfiirl a t  the 
burner inlet. Experience Fadicates that &irl angles at the burner inlet  ug to 
appraximately 20’ may be tolerated withcut  operational m f  i c a t y  - 
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Flow-straightening vanes. - Afrfoil-shaped  flow-strai@tenjng vanes have been 
installed at the turbine discharge in several imrestigations t o  reduce -1. Same 
of the vanes were fabricated frcan sheet metal and sane Were caat.  Typical  effects 
of straightening vanes on the  diffuser-idlet dirl angle are  shown In figure 169. 
Without straightening vanes whirl angle in excess of 20° (corresponding t o  diffuser- 
outlet air1 angles of approximat6ly No) occurred  over mst of the passage. With 
straigh- vanes, the dirl e we.a loo ox less. S h i l a r  results have been 
obtained in  other inves t iga t iwTee   f ig .   168(a) ) .  

The shape of the  straighbening vanes used is illustrated in figure 170. The 
vanes, designed to produce ax ia l  discharge, have the 1pnil.ll.rn edge skewed to   the 
-er axis at the appraximate whirl angle. This in le t  angle varies radially to 
match the local *irl angle, and chord length is greatest in the  region of greatest 
whirl. Maximum effectiveness is obtained d t h  vanes spanning the full passage. A 
ra t io  of vane spacing t o  vane chord of about 314 has pravi- satisfactory perform- 
ance in several designs. 

The presence of vanes in the high-velocity gas stream at the  turbine  discharge 
has been found t o  approximately amble the pressure loss in the diffuser-vane com- 
bination. However, the   rehc t ion  in whirl caused by the vanes reduces the  resultant 
velocity over the flameholder (by reduction of the  tangential  coqonent ] and thereby 
reduces the flameholder pressure loss. As a consequence, it has been found that in 
most installations the over-all afterburner  pressure losses are approximately the 
s8me with and without straightening vanes. 

" 
Typical afterburner-inlet diffusers pmduce varying degrees of nonuniformity 

in the  velwity  prof l le  at the burner inlet, d t h  hi&  velocities near the outer 
wall in the region of the flaneholda and lawer velccit ies . in the center of the 
burner. Because the gas velocity at the flameholder is usually limited by conibua- 
t ion considerations, the allowable  average  burner-inlet  velocity, and hence the 
burner diameter, is largely EL function of the  uniformity of this velocity  profile. 
One of the most significant design variables affecting the outlet-velocity distri- 
bution is diffuser length. Although data axe not available to provide detailed 
design rules, several  investigations have damnstrated that increasing diffuser 
length results in a more uniform velocity  profile  dthough with some increase in 
pressure  loss. Iche shape of the Wher inner body has no appreciable  effect on 
its perfarmance. Vortex generators  provide smal l  inq?mvements in diff'uaer  velocity 
profile, but other  flow-control  devices such ' a s  annul= mes and sp l i t t e r  ducts 
have not been successfully applLed. Mterburner-inlet uhjrl has a negligible  effect 
on combustion efficiency  but may lead t o  burn- in the wakes of support struts and 
attendant  overheating and ming of aajacent p&s of the diffuser. Turbine- 
outlet whirl mey be reduced t o  acceptable values by relatively s-le straightening 
vanes. 

IGNzfcION, STMUTK, AND !l€WVSIENT! -CIZ 

The afterburner starting  cycle  includes three steps: (1) introduction of the 
fuel, (2) m i t i o n  of the fuel, and (3) c m t m l  of exbamt-nozzle area  to  obtafn 
steady-state  afterburner  operation. The imtbtian phase of afterburner starting 
has been investigaked in sauewht greater detail than the  other two m e s  because 
of the need for  repeated star ts  durhg afterburner  investigations in altitude 
fac i l i t i es .  
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Introduction of Fuel 

A significant  portion of the time r e m  t o  s t a r t  en afterburner  after the 
control lever is advanced t o  the afterburping  position is c a a s m d  in accelerating 
the fuel pump and fill- the afterburner  fuel  Unes and manifold. The time re- 
qulred t o  fill the  fie1  piping and manifolds is dbviously dlrectly  prqportiaaal  to 
the volume  of the piping that must be f i l l e d  at each start and inversely propor- 
t imal to   t he  fuel-flow rate se t  by the starting control. The time required t o  
accelerate the conventional  turbine-driven fuel  prmq? ueuslly does not exceed 1 13ec- 
ond at any flight  conditlan. LFkariee, the time required t o  f i l l  the  afterburner 
fuel p i p a  at low altitudes where the fuel-flow  ratee are high is also very  short. 
A t  high-altitude  conditians, however, the time required t o  f i l l  a given volume af 
fuel piping beccones qukte significant because aP the reduced fuel-flow rate. 

The effect of this set, or starting,  fueLflow rate on the time req- to 
reach  operating manifold pressure is shown in figure 171. Data are presented for 
a 6000-pOWd sea-level-thrust engine (ref. U) and fo r  a 10,000-pound-thrut3t en- 
gine. The afterburner fuel systems of the tm engines were s b K k r  and uti l ized 
air-turbine-driven fuel pumps, w i t h  the turbine driven by caaq?r@ssor bleed air. 
The volume of pip- that had t o  be f i l l e d  prior to  each start (neglecting any 
residual fuel  downstream  of the  fuel shut-off valve> xae approxlrmteG 135 cubic 
inches for  the GQOO-pound-thruat engine axid 200 cubic  inches for  the lO,ooO-pound- 
thrust engine. . " . . - - .". I - - -  - ." I. I - 

lh figure 171, the time requlred to reach the operating manifold pressure is 
plotted  against  the  ratio of the fuel-system volume to   the  s t a r t i n g  h l - f l o w  rate. 
Data axe presented for  several flight conditians, which define a slngle curve. 'phe 
time required t o  fill the fuel systems varied from 2 t o  9 seconds, with the longer 
times occurring at the  higher  altitude  conditions, where the.flaw  rates were lowest. 
Agreement of the tuo  sets of data indicates that the time required t o  accelerate 
the  fuel pumg t o  delivery speed was about the sanae for both s y s t e m .  Measurements 
on the L0,000-pound-thrust engine showed that &out .1 eecmd of the total time was 
required t o  accelerate  the p u q  from rest .  These data thus indicate that t o  avoid 
delays in f i l l-  the  fuel system before  the  afterburner can be iwited, it is im- 
portant t o  keep t o  a minimum the volume of fuel piping that must be filled prLor Go 
each afterburner start. 

" 

Ignition 

Three general methods  of igni thg  af t ;erbmer fuel have been used: (1) spark 
Ignition, (2) spontaneous ignition, and (3) hot-streak ignitian. Sane of the early 
research on these methods  of Ignition is smmarized in reference 12. The spark 
ignition method ut i l izes  a spark plug to   ignl te  a combustible  mlxture provided 
within a sheltered  region of the  burner. Spontaneous ignition ia obtained in an 
afterburner when the pres~ure,  temperature, velocity, and fuel-air ratio conditions 
within the burner are such that the fuel-& mjxture ignites w i t h o u t  addition of 
e n e r a  frat an outside agency. Xn the  hot-streak method, afterburner  ignition Le 
obtained by  mcnnentarily increasing  the fuel-air ra t io  in one of the primary engine 
ccmbustors t o  &out  twice the normal operating  value. Thia mcaumtary excess of 
fuel praducea a streak of flame that extends through the turbine and into the 
afterburner and thus  provides the  ignition source for  the  afterburner fuel. 

?=@- i t ion.  - Most af the early efterburpers  utilized a spark-ignitian 
system ref .  13 and an unavailable rrmI74L publication). The spark plug was generally 
installed in a sheltered  region at the downstream end of the  afterburner  dlffuser 
inner body, as illustrated in figure 172. Experience with this type of system 

. 



NACA RM E55G28 - 
3 09 

4 

b . 

i n d i a t e d  that ignition could seldcm be ini t ia ted at altitudes above ahout 30,OOO 
feet ,  and the systems were not paxticulaxly reliable a t  lower altitudes. 

Three factors  cmtribute t o  the poor re l iab i l i ty  of the spark iepition method. 
One fac tor . i s  breakdown of the  electrical  insulation i n  the  region of high gas 
temperature, which causes a short circuit  in the  ignition lead. A second factor 
is melting or  burning of the electrodes during afterburner operation, which prevents 
reignit ion of the burner. A third  factor  often prevent- ignition is that the 
spark is either  inproperly  located  or  releaaes  too little energy to initiate igui- 
tion. !be ignition systems used provided a spark energy of m l y  about 0.02 joule 
per spark at a repetition rate of several hundred sparks per second. Although 
higher spark  energies, such 88 those  provlded by the  cqacitor-type systems dis- 
cussed in chapter Iu: of reference 14, would be expected t o  boprove the ability of 
the  spark to  effect  ignition, no good solut ion  to  the problems of electrode jnsula- 
t ion breakdown or  electrode burning has been obtained. -Because other methods of 
afterburner  ignition  held prcPnise of be- more reliable,. further developrent of a 
spark system for &erburner i m t i o n  w&8 discontinued. 

Spontaneous ignition. - Methods of spontaneously igniting  the  afterburner  fuel 
have also been investigated t o  determine the  applicability and degree of effective- 
ness of this method. Although th i s  method of m i t i o n  waa seldom employed in 
gasoline-fueled  afterburners without an explosfve light-off, the cowereicm to ker- 
osepe and l a t e r  to JF-3 ana JP-4 fuels sufficiently lowered the  spontaneous-iepition 
temperature of the fuel t o  provide  eat.tisfactory  spontaneous-igrlitian characteristics 
in 6ane afterburners. The spontaneous--itian temperature of several f u e b  ie in- 
dicated by the f ollow5ng values from chapter 111. of reference 14. 

l?uel Spontaneous- 
ignition 

Grade 100/130 aviation  gasoline 

484 JP-4 fuel 

4&h JP-3 fuel 

460 Kerosene 

844 

These teqeratures 
peratures  required 

were measured in a static system and are much lower then  the tern- 
fo r  fpnition Fn afterburners.  Nevertheless  they should indicate 

the  relative ease with wfiich different  types of fuels can be spont&eously ignited 
under afterburner  conditions. Although the above fuels ignited spontaneously in 
sane afterburners, in other &-r c&iguations spontaneous iepition could 
not be obtained at tuxbine-outlet temperatures to current mnxirmmr values of 
17W0 t o  1150' R. 

There are no consistent results avail&le to indicate  the  specific mer- 
ences in afterburner design that result in some burners' being readily ignitable 
spontaneously  while others are not. It is, in  fact, concluded in  chapter P I  of 
reference 14 that the  effects of various design o r  operating variables on spon- 
taneous ignition (designated therein aa ignition by hot gases) a r e   i n c w l e t e l y  
understood. However, it has been observed in various afterburner  experlrents that 
relatively minor alterations in radial fuel distribution may have marked effects 
on the spontanem.8-ignition cbaracteristica. In general, it is belleved that the 
two dterburner  desiga  factors hav5ng a major influence on the   ab i l i ty  t o  obtain 
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ignition in  this m e r  are  the  fuel-air-ratio  distribution and the  velocity p m f u  
within the burner. Fuel-air ra t ios  .that are sorewhat richer than stoichiwletric 
in a sheltered zone, w'ith l o w  velocities Fa and near such a zone, are believed t o  
promote spontaneous igai t  ion. 

Spontaneous ignition has been obtaFned at burner-Wet  pressures as low as 
about 500 pounds per square foot absolute;  both b u r n e r - U t  pressure and burner- 
inlet temperature have been found t o  exert a pronounced effect an %ition  limits 
{ref. 15). The effects of inlet pressure aad temperature on the Umits of spon- 
taneous  ieplition w i t h  JP-3 In one afterburner  configuration are shown in figure 173. 
Each data point o i ~  this  figure  represents a single afterburner start; the  fuel-afr- 
ratio value is that at which ignition occurred as the afterburner fuel flow waa 
gradually raised. Each curve thus represents .a bo+-. between - t h e   i p i t i a n  
no-ignition  regions at a given pressure. The region to   the left of each  curve 
represents  the  fuel-air  ratios at which spontaneous ignition could not  be  obtalned. 
A t  a burner-inlet  pressure of about 1500 pounds per square foot absolute,  the W e t  
temperature had no effect on the fuel-air r a t io  required for  successful  ignition, 
but at lower pressures,  large  increasei in fuel-air  ratio were requLred t o  obtain 
spontaneous ignition as the  burner-inlet   twerature waa reduced. S i m i l a r l y ,  these 
data show that f o r  a given fuel-air   ra t io  a reductlcm in  burner-inlet pressure re- 
quired a large  increase in burrier-ialet  temperature for spontaneous ignition t o  oc- 
cur. Spontaneous iepition of this afterburn& k unob.tafiable a %  a burner-inlet 
pressure of 500 pounds per sgyaxe foot. 

The effect of burner-inlet  pressure an the  fuel-air   ratio required t o  obtain 
spontaneous ignition for several  other  afterburner  configurations is illustrated 
in figure 174. As Fn the previous figure, each bat& point  represents a 8-e 
afterburner start as afterburner fuel flow was being  increased. These data also 
indicate that higher  fuel-air ratios are required t o  obtain spantaneoue ignition 
as the  burner-Met  pressure is reduced.  M should ale0 be noted that there  are 
appreciable  differences in the  required  fuel-air  ratio amang the  several config- 
urations. The poor reproducibility of spontaneous-ignition urnits is indicated by 
the wide band  of fuel-air   ratio over which iepition occurred in the several con- 
figurations. 

The effect of alt i tude an the time required for spcmtaneoue ignition  to occur 
after the preset fuel manifold pressure is  reached diffgrq greatly amcmg varlom 
afterburners. Xn one installation,  the time required for spontsaeous ignition in- 
creased from about 4 seconds at an altitude of 15,000 feet  t o  40 seconds at an al- 
t i tude of 45,000 feet (unpublished MACA data) .  In contrast t o  this result, another 
quite s m  afterburner (ref. LL) little &feet of a t i t d e  on spon- 
taneous  ignition time, with the time for ignition varying between 4 and 8 seconds 
at alt i tudes between 30,oOO and 50,000 feet .  

These data, ea w e l l  as related v r i e n c e  on other  afterburners,  indicate that 
the   ab i l i ty  of an afterburner to   ign i te  spontaneously cannot be  predicted, nor can 
sny practical.  modificatione  necessary t o  provide reliable spontaneous ignition in 
any given afterburner be specified. Therefore, spontaneourr ignition,  although it 
may be fortuitously obtained in some afterburners, is not a method that can be 
generally relied upon. 

Hot-streak  ignition. - Because of its hLgh degree of re l iab i l i ty  and skplic- 
ity,  the  hot-streak  ignition method has received widespread application in research 
afterburners. !&e earlieet  hut-streak ignition systems provided  eupplemental fuel 
through me of the main engine h e 1  nozzles. The system waa operated mEu1sI&I1y to 
supply the excess  flow at the discretian of the operator  for a per- of abaut 1 
secmd. This method of injectian was subsequently  modified to  isolate  the  hot-  
streak fuel frcm the engine fuel msnlfold and thereby siqpllfy the  installation. 

L 

. 

L 
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This later system uti l ized a ruel-injection  orifice  located about me-half of the 
distance down the canbustor frm the main fuel nozzle, as shown in figure 175. De- 
tails of a typical  hot-streak hjector FnstaLlation are sham in figure 176Ca). 
For can-type CoPibustors, the  Fnjector is desigged to approximately  double the fuel- 
air ra t io  of the canbustor ia which it is located. Ln annular-type  ccpnbustor~, the 
injector is designed to   prwide a similar increase in local fuel-& ra t io  and thus 
handles a flow of 10 t o  15 went of the ma- engine fuel  flow. A large number of 
afterburners  utilizing this type of system have been consistently  ignited at alti- 
tudes up t o  50, Ooo or 55,000 feet, which correspond to  burner-hlet  pressures down 
t o  about 500 pound6 per square foot  absolute (refs. l l  and 12). The system hEbB 
been used  with  equal  success on engines having one-, two-, or three-stage turbines. 
In each case it has been found that  once the fuel-& ra t io  in the  afterburner  ha^ 
reached a combustible level,  the  hot-streak fuel need be inject&  for only 1/2 to 
1 second to  ignite  the  afterburner. 

To explore  the effect of the hot-streak-injector  location on the iepftim lim- 
its, the  effectiveness of several  hot-streak  injectors  located inanediately upstream 
of the turbFne nozzle was investigated and  compared with that of the mre c m e n -  
ti& upstream lmation. Details of the turbine-inlet injector  installation are 
shown in f w e  176(b). This injector was also designed t o  double the fuel-air 
ra t io  in one c d u s t o r  can. !Che time required before a burst frcm the  hot-streak 
system would ignite the gf t e rbmer  using  both types of hot-streak  injectors is 
compared in figure 177 for  altitudes of 30,oOO to 50,OOO feet. Also included fo r  
conrparison is the time required to   ign i te  this merburner  spontaneously. The t h e  
requbed  for  ignition is defined as the  period between the time at which full after- 
burner fue l  manifold pressure was obtained af te r  a thro t t le  burst and {l) the time 
at  which the  burner  ignited spontaneously, or (2) the time at  which a 1 /2  t o  I sec- 
ond burst of hot-streak  fuel flow would provide  ignition. Minimum ignition times 
for  several  preset fuel-air ratios.  are  plotted in the f i g u e .  Minhmm time for  the 
hot-streak system was detezmlned by progressively reducrug the  time between the 
throt t le  burst and actuation of the  hot-streak  ignitor until ignition could no 
longer be obtained from the burst of hot-streak  fuel flow. 

In general,  the data of figure 177 fndicate a relatively minor effect of ei ther  
afterburner  fuel-air  ratio  or  altitude on the  time for  hot-streak  ignition, WlGh 
about 1 or 2 seconds being required in mst cases. At the lower altitudes , iepition 
occurred s l ight ly  sooner  with the turbine-inlet fuel  injector  than  with  the upstream 
injector,  but at an altitude of 50,oOO feet the turbine-inlet injector failed to 
provide ignition because of the absence of flame through the turbine. Xncreasing 
the injector flaw two- to threefold did not bqprnve the  ignition  chazacteristics of 
the turbine-inlet injector. Furthermore, when the turbine-inlet injector f l o w  was 
reduced by one-halj? or more, afterburner  ingition m.8 unobtainable at m y   a l t i t u d e  
investigated. 

Failure of the turbine-inlet injector t o  provide flame through the turbine at ' 
high al t i tude w a s  attributed to Fnsufficient time for the   fue l   to  Ignite before 
entering the turbine. This premise was borne aut by the  fact  that wing the tur- 
bine-inlet  injector 3 h c h e s  far ther  upstream resulted in ignition  characteristics 
comparable to  those observed with the wtream injector. 

Although the 5mprovemen-t~ . i p  iepiticm that have been described and which resul t  
fram proper'installation of the  ignition eystem are cansidered t o  apply t o  moat 
afterburners , the  ignition times shown in figure 177 do not apply to all afterburner 
designs. In sane afterburners  subjected t o  extensive  ignition  tests, hot-streak 
ignition has occurred dming the process of fUlhg  the fuel manifolds so that the 
ignition time, as defined  herefn,-wae essentially zero. 
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Because the time r e m e d  t o  fill the fuel piping  obtain a combustible 
mixture in the  afterburner following a throt t le  burst varies with altitude and var- 
ies  from englne t o  engine, a single burst of . h o t - s t e  fuel for a period of 1/2 
t o  1 second would have t o  be very accurately scheduled t o  provide reliable  ignition 
at all flight  conditiom. Earever, contFnwUs injection of hot-streak  fuel  for 
periods much longer than 1/2 t o  1 second would, i n  all probability,  overheat  the 
turbine  stator. Therefore, t o  provide reliable afterburner ignition without en- 
dangering turbine life, the  hot-streak  ignition system should be designed t o  pro- 
v i d e  intermittent  burets of fuel fo r  periods of 1/2 t o  1 second fran  the time the 
throttle burst occurs unt3.l the  control semes that the  afterburner has ignited. 
Of c o m e ,  it is important that the  control system be designed so that- In the event 
of failure the hot  -streak fuel cannot be continuously injected  into  the engine. 

Hundreds of afterburner starts with the hot-streak  iguition system injecting 
fuel   in to an engine ccmbuetor for  periods u;p t o  1 second have resulted i n  no apparent 
effect  on the turbine  rotor blades or on the stator blades  located in the  path of 
the hot-streak flame. The absence of any rotor or stator blade deterioration attrib- 
utable t o  the hot streak  indicates that although the gas terRperature m y  suddenly 
rise as much as looOo R, the increase in metal temperature is much less  because of 
the  thermal  capacity of the turbine blades. To support and explain these practfcsl  
observations,  transient metal temperatures were measured at  the stator-blade  lead- 
ing edge in a single-stage  turbine assembly ae large step increases were made in  
engine fuel f l o w .  The actual resgoase i n  etator-blade &al te~npersture to  the sud- 
den changes in gas temperature can be 4mxa.cterized by a time constant.  Q-pical 
values of this  time canstant,  defined as the the t o  reach 63 percent of the final 
value in response t o  a step  input,  are shown in figure 178; the data cover a range 
of turbine-inlet  pressures fram 3ooo t o  12,500 pound6 per square foot a b s o l u e  
These pressures correspond t o  an altitude variation fram 7000 t o  45,000 feet at a 
Mach  number  of 0.8 for  the engine used. 

The significance of these time canstants is illustrated by the coarputed values 
of stator-blade temperature rise shown in figure 179. These values were  computed 
us- the time constants of figure 178, witih the assupptlon that the engine was 
operatFng at an .average turbine-inlet temperature of 2oOo0 R and that the tempera- 
ture Fn the  path of the  hot-streak f l m ~  increased in a stepwise fashion t o  XXX6' R 
for periode & l / Z  t o  I second. The values of blade-temperature r i s e  thus cslcu- 
lated are seen t o  be considerably less than the sudden r i s e  in  gae temperature fn 
the path of the hot streak. 

The turbine  rotor-blade temperatures are, of course, affected to a much lesser 
extent by the  hot-streak flame than are the  stator blades. This inseneitlvity of 
the  rotor blades t o  the hot streak is due to   t he  speed with which the  rapidly ro- 
ta t ing blades pass through the  local  hot  region. 

The foregoing  discussioa of the hot-streak  ignition system inaicates that, with 
proper installation,  thg .system b a simple and reliable methoa of jnltiatw after- 
burner ignit  Ion. 

ICurbFne-outlet hot-streak  ignition. - In view of the requirement that the pre- 
turbine  hot-streak f'uel be  injected  for only short intervals   to  avoid  overheating 
the  turbine, and in view of the  possibility that accidental  prolongation of the in- 
jection  period would cause turbine-stator  failure, the feasibi l i ty  of obtaining de- 
pendable ignitian with a hot-streak ignitor located  inmediately  damstream of the 
turbine waa investigated on one englne. Three hat-streak  fuel-iqjector configura- 
tiom were investigated.  Details of these  injectore  are sbwn in figure 180. The 
principal  difference m n g  the fuel injectors vas the size,  location, and nutber af 
fuel orifices.  One injector  consisted of a straight tube  with seven orFfices 
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directed toward the turbine, another  injector  consisted of a bent  tube  pointed 
toward the turbine with four orifices in the end of the tube, and the third injector 
was a 8- tube with the end left open to %he full hmer diameter of the tube. 
The afterburner on wbich these injectors were evaluated waa of conventional design 
uith a double  V-gutter  flameholder, having relatively uniform values of fuel-air- 
ratio  distribution and velocity  profile upstream of the flameholder. 

Afterburner  ignition limits of the three turbine-outlet  hot-streak fuel in- 
jectors are compared in figure 181, wkich also indicates  ignition limits with the 
conventional  preturbine hot streak. Each data. point  represents an attempt to ignite 
the  afterburner. A l l  s tar t ing attempts w e r e  made at a turbine-outlet tenqerature 
of 1710° R. Although the  ignitor fuel-air ra t io  does not represent the fue l - ab  
rat io  in the region of the fw=l inJector, it serves to generalize  the  ignitor fuel 
flows for all altitudes as a fraction of the engFne a 3 r  f l o w .  

The three  turbine-outlet  hot-streak  injectors were equally effective,  although 
they were Fnferior to the  preturbine  hot-streak system. With the turbine-outlet in- 
jector,  the maximum alt i tude  for dependable ignition was between 50,000 and 55,000 
feet .  In cqa r i son ,   t he  preturbine  hot-streak system ignited this afterburner at 
altitudes up to 60,000 feet, which Was the o p e r a t a  l imit  of the  afterburner. 

Stabilization of Operation 

The greater part of the time cmsumed in the afterburner start ing sequence 
OCCUTS while the  control is stabil izing engfne condltians immediately followtng 
ignition. This fact is Illustrated by the investlgatiau of reference ll (and up- 
publish& NACA data), in which a production-type electronic control and a contin- 
uously variable exhaust nozzle were used on an engine. An example of how the con- 
trol and enghe  variables are affected by the s t a r t l n g  cycle fs illustrated by a 
typical  oscillograph trace in figwe 182. There is a 6- o r  ?-second interval be- 
tween advance of the thro t t le  and ignition, followed by 7 or 8 SeC0nde of oscilla- 
tory  operation of the engine af'terburner before steady-state conditions are reached. 
The oscillations are caused by an interaction of the various loops of the contrOl, 
i n  conjunction wfth the dynamic behavior of the engine. In this  particular  control 
system, ehgine  speed is controlled by primary  engine fuel flow, and turbine-outlet 
temperature is cantrolled by exhaust-nozzle area. 

The following sequence of events occurs i n  the engine afterburner and the can- 
t r o l  durhg  ignition and etabllkaticm of operation: the fuel-& m i x h r e  in the 
afterburner mites while the exhaust nozzle is in a closed or nonafeerburning posi- 
tion, because the exhaust nozzle res t r ic t s  flow, the  pressure in the afterburner. 
increases, raisfng the pressure level throughout the engine and tending to decrease 
the engine speed; t o  maintain engine speed constant, the speed control increases the 
pr-ry engine fuel flow; this  increase in engine fue l  flow, along with the *crease 
in pressure  level a t  the turbine outlet, tends to  dr ive  the turbine-outlet terupera- 
ture over the lim.tting value; t h i s  over-temperature condition  then  causes the 
exhaust-nozzle cont ro l   to  open the exbmt nozzle; because the temgerature-error 
s i g a a l  is usually large,  the nozzle starts t o  open very  rapidly, which decreases 
the  pressure  level in the  afterburner; this decrease in afterburner  pressure  tends 
to make the engine overspeed, wfiich u e s  the  control to reduce the engine fuel 
flow, both  the  increase in nozzle area and the decrewe in engine fue l  flow cause 
the turbine-outlet temperature to decrease  rapidly and thus reduce the temperature- 
error s i g n a l  to  the  control. The signal reduction cases the ContrdL t o  stop the 
nozzle opening and, i n  sane cases, actually t o  start; closing the nozzle  before the 
required area is obtained; the turbine-outlet  teqperature is driven over the limit 
and the cycle is again repeated  but  with  diminishing e t u d e .  The cycling is 
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continued un t i l  the proper  nozzle area is reached. hp l i tude  of the  oscillatiane 
may be reduced by c-ing the constants of the  control system, but such a m U i -  
cation would make the  control  action slower. 

The period of oscillaticm depends on the time caastant of the engine and on 
the control-system  constants. Because the engine time constant  (rotor  inertia di-  
vided by  change in torque for a given change i n  engine speea) increases  with alti- 
tude, the period of each oscSUation and thus  the t3ng t o  reach  equilibrium l a  
greater at altitude. T h i s  increase in duration of the oscillations with altitude 
is shown in figure 183, for  both  hot-streak snd spontaneous lgnltlon. With hot- 
streak  ignition,  the  duration of the oscillations  increased frorm about 7 t o  17 sec- 
onds, as the a l t i t u d e  was increased fram 30,oOO t o  50,oOO feet .  The duration of 
the unsteady operation was about 2 seconds l-f-mth spontaneous ignition  than 
with  hot-streak  ignition at altitudes of 30,OOO t o  40,OOO feet  snd was as much as 
30 seconds longer a t  m- altitude of 50,W feet .  The greater length of time re- 
quired  for  the  control  to  stabilize engine operation  following spontaneous iepition 
is due to   the more violent m e r  in which the fuel is ignited. The high  fuel-& 
ratios  required t o  obtain spontaneous ignition,  particularly at high altitude, are 
probably the main contributors to  the  violent  ignition of the  fuel. 

Complete S t b i n g  Sequence 

The time required  for each phase of the  starting sequence and the   total  time 
consumed from throt t le  burst to  stabilized  afterburner  operation a t  three altitudes 
and for  both spontaneous and hot-streak  ignition are summazized in  figure 184. The 
time required for  the complete start ing sequence with hot-streak -ignition increased 

from Uz t o  27 seconds as the  altitude increased from 30,000 t o  50,oOO feet .  The 
same altitude  variation  increased  the  total starting time with spontaneou i e p i t h  

from 165 t o  60 seconds. 

1 

1 

Of the total time for  start ing,  the time required t o  obtaln  preset  fuel -1- 
fold pressure amounted t o  only about 2 seconds at an alt i tude of 30,OOO feet, al- 
though as long as 8 seconds were required at &z1 alt i tude of 50,oOp feet.  After the 
manifold pressure reached the  preset value, only 1 t o  2 seconds were required t o  
obtain i s i t i o n  with the  hot-streak system, 88 campared t o  4 t o  6 secande for spon- 
taneous ignition. Although ignition times significantly  shorter than that provided 
by the hot-streak system cannot be expected, reductions in the thw required t o  ob- 
tain a preset  fuel manifold pressure would be obtainable by reducing the volume of 
the  fuel  l ines that must be fFlled prior   to  each afterburner start. 

AB mentioned previously, the  greatest portion of the s t a r t i n g  time a t  each 
alt i tude is consumed in reaching  equilibrium f OllarLng Ignition. Although the 
length of this stabillzing period is sigpificsnt, it should be noted that the aft*- 
burner  provides a substantial thrust increase shortly  after iepition occura. During 
the tke that afterburner  operation is becaning stabilized,  the thrust will be os- 
cil latory and mey periodically equal or  even .exceed the  final  stabilized value. Be- 
cause the  hot-streak system provided smoother ignition than did spontaneous igni- 
tion,  particularly at high d t i t U d e f 3 ,  the oscillation was less severe with the hot- 
streak system; consequently the time required to   s tab i l ize  operation was appreciably 
shorter at a l l  altitudes. 
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In the following presentation,  the  distribution of fuel-air ra t io  upstream of 
the flameholder under burner  coaditions is discussed for  various afterburners. Thie 
discussion  presents {I) We types of radial a ~ d  c w m e r e n t i a l '  fuel-air-ratio d i ~ -  . 
tribution  afforded by Vari0-a. injection systeiui-, -ad .(2) the  effects of fuel-air- 
ratio  di6tribution on the o v e r - d l  performance of the afterburner.  Attention is 4 

also given t o  the degree t o  which the actual fuel-&-ratio  distribution may be pre- 
dicted from consideration of the  injectian-syetem design and the mass-flow profile 
of turbine exhaust gases. The accuracy of- such predictions is not only pertinent- 
t o  design, but  the  predictions  are useful Fn evaluatlng  the  effects of fuel-air  his- 
tr ibution on performance when actual measurements are not available. The effects 
of fuel  mixing length, orifice  size,  injection  pressure, and direction of fue l  in- P 
j e c t i m  on afterburner performance are also sunanarized. 

. 

U. 
y! 

Radial Fuel-Air-Ratio Dbtribution in Afterburner 

Measurements  of the fuel-air ra t io  across  the gas stream " a t e l y  upstream 
of the flameholder under burning cmditians have been of considerable aid t o  after- 
burner  research and  development. These measurements  have been obtained  Kith the 
NACA mixture analyzer described in detai l  in  reference 16. 

Effect of sprey-bar  design on distribution. - A typical  effect of a change in  
location of the  fuel-injection  orifices in  a matched set of spray bars on the radial 
fuel-air  distribution le shown In figure 187. These data, obtained fropn a full- 
scale  afterburner  installed on a blower r ig   ( re f .  17) , represent  the  fuel-air dis- 
tributions measured 22.5 inches downstrean of the  fuel-spray bars. The fue l  was in- 
jected in a transverse  direction from 24 spray bars; this  nrmiber, as will be illus- 
trated subsequently,  provides about the same dbtr ibut lon at all circumferential 
locations. Sketches of the  spray bers, approldmately t o  scale,  are included in the 
figure t o  show the locations  af  the  fuel-indection  orifices. 

With the  six-oreice spray bar, the  fuel-air  ratio  veried Avan approximately 
0.070 near  the  center of the burner to h S 6  than half th i s  value  near  the  outer 
shel l  of the  burner. By addition of two orFfices near the outer  shell of the  bur- 
ner t o  form the  eight-orifice bar, the fuel-air ratio was made nearly the ~ a m e  all 
the way across the burner. The addition of a paik of 6rUices to- the spray bar 
thus  altered  the  fuel-air-ratio  dtstributian from a 2 t o  1 varlation  across  the bur- 
ner t o  an essentially uniform distribution. 

Similar data on the effect of orifice  location on fuei dfstribution axe shova 
in figure 188 for  a hiL1-scale  af'terburner  operating on E turbojet engine. A 16- 
orif ice  spray bar, with orifices spaced as sham i n  the sketch, provided the some- 
what uneven fuel-air-ratio  distribution shorn by the solid curve. To increase  the 
fuel-air   ratio near  the  outer shell of the burner, a second se t  of spray bars wa8 
used that incorporated a closer spacing of Tuel ~FU'ices  near the outer shel l .  Thie 
spray bar, shown in the  leet portion of the  figure, produced the fuel-&-ratio die- 
tribution  indicated by the dashed curve. Although the  fuel-air-ratio  Bistributlcm 
obtained  with th i s  spray bar WEIS slightly l o w  in the mid-radial location, the fuel- 
air  ra t io  near the  outer  shell w89 substantislly increased. 

C!cmgarison of measured and calculated  distributios. - The data of figures 187 
and 188 show that changes in the  location of the fUel-3nJectian orifices produce, 
in at  least  a qualitative manner, the expected changes in  actual  fuel-air-ratio dis -  
tribution. To determine the accuracy  with which such chenges may be quantitatively 
predicted,  calculations of radial fuel-air-ratio  distribution were made G h a t  w e r e  
based on the  radial  Location of the  fuel  orifices and the ~~asured mass-flow p r o f a  
of the  turbine exhaust gases at the spl-gy-bar location. These calculations were 

" 
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thus based OD. a simple rsdfal proporbianment of fuel and air, neglecting  such  effects 
as h&id separation of the fuel and the air and diffusion of fuel vapor beyond the 
stream tube of air passing each orffice. 

In figure L89, the results of such a calculatim for the two fue l  systems rep- 
resented in figure 187 are campared with the measured *el-air-ratio  distribution. 
Although the mjnor variations of fuel-air-ratio  dfstribution  across the radius far 
each separate fuel system aze not clmely predicted,  the general trends end the 
differences between the two fie; systems a e  predicted  with fair accuracy. For 
both the uniform distribution of the eight-orifice bar and the decidedly nonuniform 
distribution produced by the six-orifice bar, the  calculated fuel-air r a t io  is 
withia 0.013 of the measured distribution. 

Further evidence that t-e sirrq?le calculations of fuel-air-ratio  distribution 
will predict  general  trends  but  not minor, or detailed, variatians is presented in 
fi@;ure 190. The measured distributiom of this figure me those previously  presented 
in figure 188. AgaFu, the calculated  distributions agree with the meaured dietrf-  
butions  with  regard t o  both  general  trend an& level; the quantitative agceenent is 
w i t h i n  about 0.018. Further  inspection of these data, as w e l l  as other data not 
presented  herein, shows that the measured fuel-air ra t io  is generally greater than 
the  calculated  values in the outer me-third of the  burner. !l?his rather  general 
chsracteristic is at t r ibuted  to  a c e n t r w  sepmatian of the fuel and air in 
passing through the mulez diffuser, with the   fuel  ten- t o  follow the initial 
a x i a l  directLon of gas  flow and the gases f- more closely the curved walls 
of the diffuser inner ccme. 

F m  the foregoing, it may be concluded that the gross or principal  effects of 
changes in spray-bar des- on the resulting radial fuel-air-ratio  distribution 
under burning  conditions may be predicted d t h  satisfactory accuracy from very sim- 
ple  considerations of the radial p r a p o r t i m t  of the fuel and air. More detailed 
considerations of fuel vaporization and turbulent  diffusion such as discussed i n  
reference 18 therefore do not  appear necessary for general afterburner dwelopent .  
In practice, a fuel-injection system for &D. afterburner is us- developed in two 
successive  steps.  Firtit, the spray bar is designed ta give the desired distribu- 
t ion on the basis of s-le calculation of ram fuel and gaa distribution,  util- 
izing  for th i s  d c u l a t i o n   t h e  actual, and usually nonuniform, mass-flow profile at 
the spray-bar  location. DehilecI al terat ione  to   the spray bar are then made? on the 
basis of  measurements of the actual fuel-&-ratio  distribution. The redial fuel 
distribution  delivered by a spray bar may, of c m e ,  be  altered by changing the 
location of the fuel orifices,  the  relative  size of the orifices,  or by a canbjaa- 
t ion of both. As discussed i n  reference 17, L t  haa been found that  changbg the 
radial locatLon of the fuel orifices produces sopnewhat more predictable results than 
does changing the  orifice size. 

Effect of Radial Fuel-Air-Ratio Distribution  Perfommce 

The effect  of distribution of fuel-air   ratio on the  cdbustion perfanaance of 
afterburners has been mted by may investigators over the past 4 or 5 years. This 
research was, until recently, conducted wlthout the aid of actual measurements of 
the  fuel-air-ratio  distribution  existing  wlthin the burner. It was generally ob- 
served, however, that fuel systems which  would be  expected 011 the basis of t he i r  
design t o  provide llIDst uniform distribution provided the highest  canbustion effi- 
ciency at high over-all fuel-air ratios, and hence provided highest ~llexinnun exhaust- 
gas temperatures. Sane early work reported in both reference  19 and in the summsry 
report of reference 12 inacated that pmwss ive   a l t e r a t ions   t o  the Fuel Injectors 
made t o  obtain a m r e  homogeneous m3xhze of fuel aud a i r  raised the peak ccenbustion . 
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efficiency and shifted  the  region of peak efficiency  to higher wer-all flrel-atc 
rat ios .  Reference 12 also observed that the attaFnment of such "homogeneous 'I mix- 
tures requires that the radial fuel distribution be tailored for each engine because 
of variations in turbine-outlet mass-flow profiles -f.z%m one & n g S  60 another. 

Spray-bar fuel-injection system. - Data that show the  effect  of a change in the 
radial distribution of fuel-air ra t io  on combustion efficiency and exhaust-gas ten- 
perature  are  presented in figures 191 and 192, respectively. A sketch illustrating 
the  radial  distribution af  fuel-air r a t io   fo r   me   pFn t  of operation of each fue l  
system is included in the figures. The over-all M - a f r  ra t io  at which each of 
these radisl diatributians was measured is indicated by the leader frcma the sketch. 
Frau consideratione of the spray-bar design (88  discussed later) and the constancy 
of the mass-flow profile of the gases as discussed in reference 17, it is believe& 
that the radial distribution  for each system stays about the same throughout the 
fuel-air-ratio range presented. The two fuel systems used for  the data of these 
figures  are those  previously illustrated in figures 167 end 189, herein;  they are  
described in greater detail as fuel-system  configurations 1 and 3 i n  reference 17. 

For  fuel-air  ratios higher than about 0.035, tbe uniform fuel-air-ratio die- 
tr ibution produced higher values of conibuetion efficiency and exhaust-gas tempera- 
ture; for lower fuel-air ratios, the nonuniform fuel-air-ratio  dietribution gave 
slightly  higher  values. The nonuniform distribution a lso  resulted in a slightly 
lower lean blow-out limit, as Fndicated by the small cross-hatched regions in the 
figme. !Chis sormewhat bet ter  cambustar gerf'armasce at l o w  fhel-air ratios with the 
nonuniform distribution is  due t o  the existence of localized reg- within the bur- 
ner in which the fuel-air ra t io  is high enough for  good canbustion, even at the lov 
over-all  values of fuel-air ratio.  These locally r i c h  regions are also the cause of 
the  reduction in ccsnbwtion efficiency at higher fuel-air r a t b e ,  because the local 
fuel-air  mkture becoanes greater than stoichitmetric and thm to0 rich t o  burn can- 
pletely . It is evident f r o a n  these data, as well as frcan many other s imi la r  observa- 
tions, that a naFeorm fuel-air-ratio  distribution i s  desirable except for an mer- 
burner Fntended primsri3y for very low tmerature-rise  operatian. 

c 
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Concentric manifold fue l  system. - Data fram mother  series of t e s t s  with a 
full-scale engine in which the radial distributicm of fuel injection was varied ie 
presented in figure l93. In this afterburner, fuel was injected frcm three concen- 
tr ic manifolds, each incorporating a large nuuber of simple fuel orif'ices. !Che 
three manifolds were so connected t o  separate fUel throttles that the radial dis- 
tribution of fue l  could  be varied during operation. A more collzplete descripticpl of 
t h i s  fuel system as well as the  coqplete aft;erburner msy be found in reference 6. 
Although the  fuel-air-ratio  distribution was not measured during the  tests,  the die- 
tr ibution provided by one method of operation  relative t o  another was ccpllputed on 
the basis of the number and the location of fuel-injection o r i f i c e s  in operation, 
the distribution are i l lustrated by the  sketches in the upper part of the f m e .  
While no claims can be made for quantitative accuracy of fuel-air-ratio  distribution, 
it is apparent that systems A, B, and C provided progreseively more unFform radlsl 
distributions of fuel. 

The combustion efficiencies concomitant with the three dFPferent fuel systeme 
are shown in the lower part of the figure. Although the peak efficiency hae the 
same value for  all three systems, the fuel-air ra t io  a t  which peak efficiency oc- 
culTed shifted t o  progressively higher values of over-all fuel-& ratio ae the fuel 
distributian became more uniform. These data W t r a t e  the  desirabil i ty of a rmrl- 
t iple ,  or at least, a dual orFfice system if efficient  operatian is required over a 
w i d e  range of fuel-air ratios. Such a d u d  orifice Ey'stem, which could provide a 
nonuniform (~OCKKY r-) f~el distribution far --temperature operation and a 
uniform mixture for high tenqerature, is mentioned in reference 12 also. Dual 

. 
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SySteIUS have not been put  into actual use In full-scale  &terburners because the i r  
primary requirement is usually that of high thrust output; they have, however, found 
effective  application t o  "jet caibustors where efficient operaticm mer a wide 
range of conditions is required ( r e f s .  20 t o  221. 

Locally rich  fuel  injection. - A particularly  striking, though extreme, example 
of the good ccnibustim performance that may be obtafaed at low values of fuel-air 
ra t io  with a nonuniform fuel-air-ratia  distribution is show in figure 194. The 
fuel-injection system used in this  merburner  consisted of 12 radial s p r v  bars, 
each ha- four fuel   or i f ices .  A t  an over-aJl  fuel-air ratfo of 0.055, the local 
fuel-air  ratio  (fig.  194(a)) varied from about 0.02 to 0.11 across the radius of 
the burner,  with the  r ich region  located  near  the  position of the  single-ring flame- 
holder. The combustion efficiency of t h i s  burner is shorn in figure 194(b) j the 
performance of the burner  with the uniform distribution of figure  191 is included 
for  cornpaison. As previously noted, operation  with  the uniform fuel   d is t r ibut ion 
produced a peak efficiency at a fuel-& ra t fo  of about 0.05 and a lean blar-out 
l imit  of about 0.03. With the very nonuniform " a i r - r a t i o  distribut-ion, on the 
other hand, lean blow-out did not occur until 811 over-all fuel-air ra t io  of 0.004 
was reached. Although the ccaibustion efficiency  decreased  rapidly as the fuel-air 
ra t io  was Fncreased, efficiencies approaching Loo percent w e r e  measured a t  the low- 
est f'uel-air  ratios. 

Summary. - A s m m a r y  of the manner in which afterburner  fuel-air ratio for  peak 
cambustion efficiency  vasies  with the &me of uniformity of radial  fuel-air-ratio 
distribution is presented in figure 195. The abscissa of this figore is the integra 
across the  burner of the absolute  value of the difference.between the local and the 
average fuel-air  ratio, divided by the average --air ra t io .  A value of zero  thus 
indicates  perfect  uniformity of fuel-air-ratio  distrfbution, and a value of 0.5, for  
example, means that the mean deviation of local fuel-air ra t ios  from the average  value 
is 50 percent of the average. 

Included in figure 195 are all available  data f r a n  tests in which the  fuel-air- 
ratio  distribution was systematically varied and the   fuel-air   ra t io  for peak com- 
bustion  efficiency was observed. Data A-am references 17 and 23 are based on actual 
measurements of fuel-air-ratio  distribution  within  the burner, while that fraa  ref-  
erences 6 and 19 are, in the absence of actual measurements, based upon the arrange- 
ment  of fuel-injection  orifices across the burner f l a w  passage. The greater degree 
of nonuniformity of distribution  indicated by the  fuel-injector desim c-ared t o  
the  actual measurements is a result af the  spreading and softening of the  distribu- 
t ion between the  point of fuel  infection and the fhmeholder. 

For both  types of data, a rapid dec-e in the  fuel-air   ratio at uhich peak 
efficiency occurs is apparent as the fuel-air-ratio  distribution became6 less m i -  
form. In  order t o  have a peak combustion efficiency at a fuel-air ra t io  between 
0.055 and 0.06, o r  t o  provide maximum temperature rise and thrust augmentation, the 
mean deviation in local fuel-air ra t io  should be no greater than  10  percent of the 
average value. 

Circumferential  Distribution of F u e l - A i r  Ratio in Burner 

1 Just as the dial fuel-air-ratio  distribution h an afterburner is determined 
k by the number and location of the fuel orifices in each radial spray bar (if such a 

fue l  system is used), so will the  circumferential  distribution be affected by the 
spacing between the  spray bars and the amaunt of crossflow  penetration of the  fuel  
Jet   into  the gas  stream. The s p c h g  between  Bpray bars is, of course,  determined 
directly by the n-er  of bars used and the  burner aiameter, while the jet penetra- ,. 

" t ion is a function of orifice  size,  gas velocity,  fuel-jet  velocity, and other 
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properties  affecting  the  vaporization rate of the fuel. These various  factors  are 
not independent but are, Instead, closely  interrelated. I n  the  following  discus- 
sion, the effect of the number of spray bars on both  the  circumferential  fuel-air- 
ratio  distribution and the burner performance is f i r s t  examined at varioue gae ve- 
loc i t ies   for  a given orifice  size.  The effects of Caanglng the  orifice d-ter 
are then  presented for two gas velocities a d  different numbers of bare. Ut- 
data covering cmplete ranges of a l l  the  pertinent  variables are not  available, a 
review of the available data permits  certain  general  conclusions to be drawn. 

Although radial nonuniformity i n  dbtr ibut ion of fuel-air ratio may be desirable 
in those  applications where efficient operatiau at low temperature rise IE desired, 
it is log ica l   to  msume that the  circumferential  distributhn should dwap be f a h l y  
uniform because of the circumferential symnetry of the flam2tnlers in general use. 
It-emaim, therefore, t o  determine the  type of fue l  system required t o  give a suf- 
f ic len t ly  unifom circumferential  distribution of fuel-& ra t io  at varioue gae 
velocities. 

E f f e c t  of number of spray bars on fuel-air-ratio  distribution. - The circum- 
ferential  aiatributions of fuel-air ratio provided by 1 2  and by 24 radial spray bara 
are ccanpsred in figure 196. A l l  spray bars were the .same, with  eight fuel orificee 
of 0.030-inch diameter in each. The gas velcciey  for  these tests was between 500 
and 600 feet per second; fuel w a s  injected in a radial plane. The burner d-ter 
waa approximately 26 inches. A-measure  of the  circumferential  distribution of fuel- 
air r a t io  is provided in this  f igure by c q a r j n g  the fuel-air ra t ios  along two 
radii some 15 inches dormstream frm the  spray bars; me radius was directly aft of v 
a spray bar, and the other in a plane midway between adjacent  spray bars. As indi- 
cated in the upper part of the fi@rure, the radial fuel-alr-ratio  dietribution Is 
about the same fo r  both radii when 24 sprey bars were used, t h i s  result bdicat ing 
a circumferentially uniform distribution. When 12 spray bars were use&, however, 
the fuel-air ra t io  along the two radii dlffered by more than 2 to 1 over mst of 
the area of the  burner. A8 would be eqected, the Wference WBB a e a t e s t  near  the 
outer  shell of the burner,, mere  the spray bars were farther  apart, and almost die- 
appeared a t  the  center of the burner. Ichue, with 12 spray bars in t h i s  afterburner, 
there existed-a ccPlibined radial and circumferential  distortion in fuel-air-ratio 
distribution. 

It should  be  noted that the poorer  circumferential  distribution of fuel with 
the 12 s p w  bars existed in  spi te  of the  higber  fuel-injection  pressurea associated 
with the smal ler  number of fuel orifices. This result  is contrary t o  w h a t  w o u l d  be 
expect& for  nonvaporizing liquid jets, "ch a8 the correlati(ln of reference 24 
for  l iquid  jets  indicates that the  higher  injection pressures should have essentially 
offset   the greater spacing between the bars for the  conditions of thia teetj  there- 
fore,  vaporization of the fuel had a signfficant  influence on the circumfkrential 
fuel U t r i b u t i o n .  As might be expected, however, the jet penetrations  generally 
indicated by the data of figure 196 are sanewhat greater than muld have been pre- 
dicted  fran  the data of reference 25 fo r  a i r  jets. Although more exact  quantitative 
comparisons are not possible, it is went that  the penetration  characteristics of 
fuel j e t s  in afterburners are between those of l i q u i d  jets and air jets, with the 
specific  characteristics depending on the varFars factors that influence  the vapor- 
ization rate of the fuel.  

A 
Effect of  number  of spray baxs cm performance. - "he effects of the nonuniform 

circumferential  fuel-air-ratio  distribution  illustrated in figure 196 on the cmbus- 
tion  eff  iciency of the  afterburner  are  presented in figure 197. Although the effects 
of t h i s  nonuniformity do not appear t o  be as large as those  resulting frcm a radial 
nonuniformity, the  cmbustion  efficiency is 7 or 8 percentage pAnts higher with the 
24-spray-bar fuel system than  with the 12-spray-bar system over most of the range of 
fuel-air rat io. .- r 
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The data of figure 197  were obtained at  a burner-inlet velocity of 500 t o  600 
feet  per second; they indicate that, for  these  conditions,  the  higher  fuel-injection 
pressures associated with the smaller number of spray bars did not provide sufficient 
penetration t o  give a uniform fuel  distribution. It might be expected, however, .that 
the fuel penetration  across  the &as stream would be greater at a lower gas velocity 
and the  effect of the nmber of fuel-spray bars on the performance of the  afterburner 
would be less .  That th is  i~ actually the case is illustrated in figure 198, where 
the ccanbustion efficiency at a burner-inlet  velocity of 380 t o  480 feet per second 
is shown t o  be  the same for both 12 and 24 spray bars. For ccplq?arison, the ccpnbus- 
tion  efficiency  obtained at these lower gas velocities  with  the  fuel-air-ratio dis- 
tribution nonuniform in a radial direction, as obtained for the six-orifice spray 
bare of figure 187, is included a8 the dashed curve. In th i s  case, the combustion 
efficiency decreaaed very  rapidly w i t h  increasing  fuel-alr  ratio, as previously dis- 
cussed. Therefore,  while low gas velocities p d t  the nuniber of spray  bars used 
t o  be reduced  because of greater fuel penetration  across  the gas stream, the fuel 
orifices must be located radially t o  give good coverage across the  burner if good 
performance is desired at high over-all fuel-air ratios.  

Effect ~f m u i c e   s i z e  on perfonmace. - TIE results presented ~n the preced- 
ing  section  are for an orif ice  diameter of 0.030 inch. As waa mentioned, a reduc- 
tion in orif ice  diameter may increase  the  rate of fuel vaporization  sufficiently t o  
decreaae the jet penetration and thereby h v e  an &verse affect  on burner perform- 
ence. This effect would be reduced, of course, if a k g e  nuuiber of spray  bars w e r e  
used. Data from reference 1 7  caqpcar'ing the cambustion efficiency  Kith 0.030- and 
0.020-hch-diameter fuel orifices are presented in figtux 199; 24 epray  bars w e r e  
used in  a 26-inch-diameter afterburner. It i s  apparent that in  this case the  je t  
penetration was not reduced enough by the  reductla  in  fuel-orifice  size  to  affect  
the performance appreciably. This result was, furthermore,  obtained at   the  rela- 
t ively high gas velocity of 500 to 600 feet   per second. 

If the spacing between spray bare is slmilax t o  that provided by 24 bars in a 
26-inch-diameter burner, orif ice  diameters as amall as 0.020 inch may, therefore, 
be used even at high &as velocities. E, an the other hand, only 12 spray bars are used, an orif ice  dhn&er  of 0.020. inch does not appear t o  be large enough t o  pro- 
vide good fuel distribution, even at &sa velocities m higher than 400 feet  per 
second. This conclusian is based on a ccmrparison of figure 198 Kith 200, which is 
replotted fran the data of reference 25. As fadicated in figure 200, the  spay-bar 
sptem for  these data caqr i sed  12 long spray  bars, each having 8 orifices, and 12 
shorter spray bars with 6 orifices per bar. The performance obtained wben all 24 
spray bars were ued is carpared with that obtained when only the 12 Long spray 
bars were used. A l t h m  an exact c q a i a o n  between the data of figures 198 and 
200 is not possible because differeat afterburners were used, values of gas veloc- 
ity, burner-inlet pressure, and burner diameter were about the s m .  The principal 
difference is that 0.020-inch orificea were used for the data of figure 200 as can- 
pared t o  the 0.030-inch orifices for the data of f igme 198. 

Contrary t o  the satisfactory performmce indicated in figure 198 for the 12 
spray barrs ha- 0.030-fnch orifices,  the performance shown in figure 200 for  
0.020-inch orifices was appreciably reduced when the n M e r  of spray  bars was de- 
creased from 24 t o  12. Not only waa the maxinnrm gas temperature reduced from 3400° 
t o  3000° R, but the cabustion  efficiency at the  condition of maximum temperature 
was also about 20 percentage points lower. Although the fuel-injection  pressure 
at stoichiometric  fuel-air  ratio ma increased fram 25 t o  75 pounds per s q m e  inch 
far the  smaller number  of spray bars, the fuel penetration  with the smal l  orifices 
was obviously  inadequate to  overcam  the wider spacing between the bars. 
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To recepitulate,  the use of as few 88 12 spray bars in  a 26-inch-diameter 
afterburner  provided good performance cmly when the gas veiocity was relatively l o w  
(380 t o  480 f%/sec) and the  fuel  orifices w'erf! as much as 0.030 Inch in diameter. 
The performance of the 12-bar system was fnfer ior   to  that of the 24-bar system at 
high gas velocities vlth O.030-inch orifices, &I at U.w gas velocities with 0.020- 
inch orifices.  A Grey-bar spacing  corresponding t o  24 8prq bars in  a 26-inch- 
diameter burner provided good performance at high gas velocities [5co t o  600 ft/sec ) 
with either 0.020- or 0.030-inch di8m.eter orifices. 0ther"combiaatbxm of or i f lce  
dismeter and nurdber  of spray bars within  these Limits s-d, of course, be 
p a S S i b l e .  . . . . . . - . - . . - . - . - -. . . - . . 

Effect of ra t io  of orifice  size t o  qray-bar diameter. - The foregoing diecue- 
sion indicates the  possibility of reducing the number of spray bars scrmewfist if the 
Jet  penetration is increased by increasing  the  orifice ctiameter. - . E a r l y  ~ L K L  vap- 
ization is apparently less  with the  larger  orifices, and the'penetratlon  character- 
i s t i c s  approach those of a purely l iquid  Jet .  (A. d.bcussed later, large axial mix- 
ing distances permit  adequate fuel  preparation  for ccanbustion.) If the fuel orFfice 
becomes too Large relatiye  to  the int- diameter of the.  spray-Far, however, the 
s ta t i c  pressure  within the bar and the  effective flov area of the  several  orificee 
w i l l  v w .  The effect of this ra t io  of orifice- &ea t o  spresy-bm- area on the pro- 
portion of fue l  delivered by each orifice is reproduced Srcmthe data of reference 
17 in figure 201. Plotted  against  the ratio of tot&. fuelzoriflce area   to  spray- 
bar Plow area I s  the &lo of fuel-flow through each orif ice  r-tive t o  tbat through 
the number 1 orifice  (at   the s h e  of the spray bar]. For each value o f  to ta l  ori- 
fice  area, all orifices were the 88me size.  A8 t h i s  ra t io  of total   orlfice  area to 
spray-bar area h x e a s e s ,  the  fuel  orifice's  located toward the t i p  of the spray bar 
deliver  proportionally greater amounts of the  total  fuel-flow.  This  variation in 
fuel  delivery is a result  of the higher s t a t l c  presEe-irithin the  bar at the tLp 
and the  higher  relative flow coefficient of the t ip  orifices.  Although the  effects 
of these  variations are probably negligible  for area ratios of less than 0.5, the 
t i p  orifices  deliver as much 8s 50 percerrt,  .mare fuel than the shank orif ices   for  w 
area  ratio of 1.0. 
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As discussed i n  reference 17, other  factors  affecting  the amount of fuel  de- 
livered by each  orFfice  are the length-diameter ra t io  of the orffice and the method 
of d r i l l h g   t h e  hole.  Oriflces havhg small l e n g t h - d a t e r  ratios, with the hole 
drilled undersize and reamed t o  fhal s ize ,  produced the greatest uniformity of flar 
from  one orifice  to  anather.  Orifices produced in  th i s  manner have flow coefficients 
i n  the range of 0.5 t o  0.6, baaed OII the  fuel preasure i n  the  spray bar. 

Effect of direction af fuel  injection. - fche data presented so f a r  on fuel- 
injection  ~ystems were obtained with the  fuel  injected in a transverse  airection, 
that ~EJ, across the gas stream. It might be expected that thie direction of inJec- 
t ion would be smewhat better than an upstream or downstream direction, sipq?ly be- 
cause it would provide a better fuel coverage of the gas stream. !Chis premise is 
substantiated Fn figure 202(a), which  compares the ccanbustion efficiencies  obtained 
&en fuel  was injected  alternatively  in a transverse, upstream, or downstream direc- 
t ion fran an otherwise identical system. Although the  effect of the direction of 
fuel injection is not large a t  Low fuel-air  ratios, the combust+ efficiency at the 
higher fuel-air  ratios is cansiderably  higher when fuel  ie injected in a transverse .. " 

direction than w h e n  injected  either upstream or  downstream. It e h d d  be noted that 
this  rather  significant effect of the direct- of fuel Injection was obtained with 
a fuel-mixing distance of 29.5 Fnches; if a shorter fuel-mixing distance had been r 
used, the  effects might have been wen greater. 

I .  

h 
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A further corngarison  of the ccPribustion efficiency of an afterburner with up- 
stream and with downstream injection is presented in figure 202(b). In this burner, 
three  concentric  fuel manifolds were used; in one case fuel  was injected in a down- 
stream direction from all three rmnifolds, and in the  other  case the direction of 
injection of  two of the manifolds was reversed. A t  the higher  burner-inlet  pres - 
sme, the  effect of this change in direction of fuel injection wa8 not large, but 
performance at the pressure of 620 pounds per square foot-ahsolute w&8 considerably 
better with upstream injection,  part;icularly a t  the high fuel-sir ratios. The very 
small fuel-mixing distmce used in this afterburner (1.5 inches 1 probably  accounts 
for  this rather Large effect of cplanglng frola a downstream t o  an upstream direction 
in th i s  case. 

Effect of fuel-mixing  distance on performance. - There are few data indicating 
the ieolated  effect of change in the fuel-mixing distance (the dbtance between the 
fuel injector and the f laneholder) . Theoreticc analyses of the evaporation of fuel  
sprays summerrized in  c h q t e r  I of reference 14 are not  applicable, and experimental 
results me quite Eager. Also, l i t t le  work has been done on the subject of the mix- 
ing of fuel spreys wfth air  (chapter EL' of ref. 14). It has been a matter of alnrost 

large IKSXF~@; distances (approaching 2 ft) are requ~red  for  satisfactory performance, 
particularly at low burner-inlet  pressures. The sunrmsry report of reference 12, for  
example, indicates an appreciable improvement in high-altitude performance of an 
af terbuner  when the fuel-mixing length vas Fncreased fKun 172 to  25$ inches. The 
improvement in  performance of one series of afterburners  relative  to that of another 
series described in reference 26 is also largely at t r ibuted  to  an increase in fuel- 
mixir.g distance. AlthouqL.1 there is probably some basis for  t h e  viewpoint t h a t  large 
Fixing  distances tend t o  aggravate  the problem of combustion instabil i ty,   al l   avail-  
able experience with afterburners of many types  indicates that the ccmbustion per- 
I'omnce a t  high altitude will not be satisfactory with mixing distances of only a 
Few inches. The fuel-mixing  distances of all known afterburners tha t  have what 
xieht be considered satisfactory  high-altttude performance have been of the  order 
of  ZO inches or  more. 

, universal  experience in full-scale  afterburner  research, however, that relatively 

1 
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The distribution of f'uel-air ra t io  acrosa the  burner in both 8 radial and a 
circumferential  directfan haa an important W h e n c e  on both the canbustian effi- 
ciency and on the fuel-air   ratio at which maximym efficiency occm. In general, 
uniform mixtures a r e  re**& for high efficient-s at high fuel-air ratios,  and 
nonuniform, or locally rich regions, are necessary for  good efficiency at low fuel- 
air ratios. The required  orientation of a nonunifom fuel-air-ratio distrLbution 
is related t o  the arrangement or type of flameholder. The radial fuel-air-ratio 
distribution provided by a f'uel-injection system can be predicted  uith  satisfactory 
accuracy by simple cmsiderations of the radl.al pmportionment of the  injected fuel 
and gas f l o w .  . The uniformity of the circumferential  pattern of fuel-air   ra t io  vfll 
depend on both  the spacFng of the radial fuel-spray bars and the  penetration c h r -  
acter is t ics  of the fue l  jet across  the gas stream. The penetration  characteristics 
of fue l   j e t s  in afterburners appear t o  be between those of pure liquid jets and air 
jets, with the  relative  position depending on the  various  factors that influence  the 
rate of fuel  vaporization. Highest ccxibustion efficiency a t  high fuel-air  ratios is 
obtained  with fuel injection in a transverse  direction  to  the gas stream and with 
mixing distances of a t  least  12 to 15 inches between the pat of injection and the 
f lameholder * - 
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As in most of the  various  aspects of cambustor design, knowledge of flameholder 
design  principles has been accumulated wp i r i c4 ly .  !I& f u s t  experiments with 
afterburners showed that various  bluff  bodies in the a i r  stream  successfully anchored 
flame and- provided a source for  further propagation of cambustion throughout the bur- 
ner. Followhg these ea ly   r e su l t s ,  numerous experiments have been performed t o  ex- 
plore  the  size, shape, and arrangement of bldf-body flameholders with the  objective 
of obtaining high catibustion efficiency, high altitude limits, and low pressure drop. 
Because these experiments were necessarily  carried out sfnniltaneausly with experi- 
ments t o  iuprom the design of other  parts of afterburners, such as fuel-injectLon 
systems and W e t  diffusers,  the  relations among the results of teets  on different 
afterburners axe obscure in many cases. Wherever possible, however, the results pre- 
sented  herein axe selected from experiments that covered a range of pertinent burner 
designs. k this  manner, the degree of generality of the resul ts  is revealed. Al- 
though types. of flameholders other  than  bluff  bodies (such as pilots  and cans) may 
have considerable merit, the absence of information about them makes it necessary t o  
lait the  present  discussion t o  bluff-body  flameholdem. Baeic aspects of flow and 
combustion around flameholders may be found in ch&pterfi- SI and of rderence 14 i 

The flameholders that Ku1 be discussed axe all formed of annular rings, or gut- 
ters, constructed in a m e r  sfmilar t o  that shoun in figure 203. The flameholders 
are usually attached t o  the wall of the burner nith  several  streamlined  struts. Al- 
though several methods  of fabrication have been eqpfosred, the most satisfactory 
method from the  standpint of durability apd ease of manufacture haa ueually been t o  
weld sheets of  Xnccmel &bout l/S of an inch thick into the shape required (in this 
case a V) and smooth off  the weld on the  external  surfaces by grinding. R a d i a l  in- 
terconnecting gutters are s W l y  formed and attached by weldiag. 

Effects of Cross-Gectional Shape 

Xn references 27 and 28, a theory is advanced t o  explain the  nature of stabill- 
zation of flames on gutters. According to   the theory, hot gases f r o m  the burnine; 
boundaries of the  fuel-air m w u r e  surrounding the xake frcxn a bluff body are  re- 
circulated -stream and enter  the  relatively  cool boundary near the body. These hot 
gases increase  the  temperature of the mjxt;ure and CaiTy iepitiau ~ources  into the 
m i x t u r e .  By this process, ignition of fresh mixture is initiated, and a cantlmmw 
process of iepiticm is maintajned. 

Zothermal wake f l&.  - A n  experimental evsluation of the  effect of cross- 
sectional shape on the recirculation  characteristics of bluff  bodies in l8othermal 
flow is given in reference 29. "Bluf'fness" of a body I s  consiaered to be qualita- 
t ively proportional to the sum of the angles between the b W t s  t ra i l ing  edges and 
Its axis of  symmetry. It was reasoned that the  recirculation  characteristics of a 
bluff body were directly  related  to vortex  strength  (ratio of tengenti'al  velocity 
t o  vortex radius) and t o  shedding frequency of the vortices formed in the' wake. 
Bluff  bodies of twelve shapes were investigated;  with  the aid of hot-wire and flow- 
visualizaticm  techniques,  the strength and shedding frequency of the vortices were 
determined. Scpne of the principal results are shown in figure 204. 

In  figure 204, the ratio of vortex strength to approaching gas velocity l e  
plotted  against  the  ratdo of shedding freqpmcy t o  gas velocity  for  five  representa- 
t ive shapes. The various shapea investigated are shown in the  sketches in the sym- 
bol key. The fl8meholdem were circumferentially  symnetrical except for the V- 
gutter flameholder with the  vortex  generators installed on the upstream sp l i t t e r  
plate. The vortex generators of' t h i s  flameholder were essentially small vanes 

. 
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installed on both %he Inner and"outer surfaces of the sp l i t t e r  vane or projecting 
cyuder.  fche vanes were Inclined at an  angle of about 16O to the axis of the bur- 
ner and were about 3/4 inch high and 1.2 inches i n  chord. The gutter width of each 
flameholder at  the open  end wa8 3/4 inch. figure 204, the  general trend of in- 
creasing  strength and decreasing  frequency with increased bluffness of the flame- 
holder is apparent. The c-es in yortex strength and frequency are large. 

Confbustion e f f i c A c y .  - To determine the possible relation of these iaothemal- 
wake characteristics to combustian perfarmance, tests w e r e  made in a s-ted after- 
burner facil i ty t o  evaluate  canbustion  efficiency, s t a i l i t y   l i m i t s ,  and pressure- 
loss  charracteristics of flameholders with, cross-sectianal shapes s- t o  those 
tested in cold flow. The results of this investigatim are reported in reference 1 
and additional tests of two shapes are reported in reference 30. Typical results 
are shown in figure 205, where catibustion efficiency is plotted  against  afterburner- 
inlet pressure. The twu upper m e s  represent  typical data selected f m  reference 
1 and the two lower w e e  are frau the afterburner study of reference 30. Al.t;hough 
the  efficiency lev& of the two afterburners differed by abaut 25 percent (because 
of differences in flameholder s ize ,  fuel distribution,  burner  length, end burner- 
inlet velocity),  the changes in efficiency with change in flameholder cross-sectional 
shape are about the same fo r  both. In both  afterburners, conibustim efficiency was 
2 t o  20 percentage  points lower with the U-shape gutter  than  with  the V-shape gutter. 
For both  burners,  the  difference in  efficiency was  greater at the lower inlet 
pressures. 

Ih figure 206, the  afterburner ccnibustion efficiency is plotted 88 a function 
of afterburner-inlet veloci%y and pressure for various shapes of flameholder gutters. 
Parts [a) t o  [c] of this figure are far a fuel-& r a t io  of 0.047, and parts fa) t o  
(f ] for  a fuel-air ra t io  of 0.067. Data are shown for  ten flameholder  cross- 
sectional shapes. The  &.neral trend of decreashq canbution  efficiency  with in- 
creasing  afterburner  velocity or  decresshg inlet pressure is cormistent for  dl 
shapes investigated,  but  scatter of the data obscures any general  effect of shape 
on perf ormaace. 

To aid in colrparing the efficiencies of the  various  flameholders. the  ar i th-  
metical average difference between the  efficiency observed with  the V-shape flame- 
holder ana with each of the okber shapes was calculated; these differences in effi- 
ciency are plotted in the bar graphs of figure 207. Included in the calculations 
are a large number of data points that cover values of fuel-air   ra t io  between 0.02 
and 0.08, burner-inlet  velocity between 400 and 700 feet  per second, and burner- 
inlet pressure between 500 and 1200 pounds per sq"e foot. Because insufficient 
data are available to isolate  the  effects of these variables, the observed values 
of efficiency at a l l  operating conditims  for a given flameholder were averaged to- 
gether. In v i e w  of the  trend of decreasing  efficiency  difference  with  increasing 
pressure shown in figure 205, the over" average  differences shown in figure 207 
are probably  conservative for lck pressures asd extreme f o r  high  pressures. 

The results of figure 207 show that the U-shape flameholder is infer ior   to   the 
flameholders of other shapes by amounts varying f rom 4 t o  10 percent. Among the 
several shapes with  highest  ef f iciexy,  differences of only 2 or 3 percent were ob- 
tained. Below the bar for  each  flameholder shape is given the corresponding value 
of cold-flow vortex strength frcan reference 29. There is no apparent correlation 
between  ccrmbustion efficiency and cold-flow vortex strength. It is evident from 
these results that al- the U-aha gutter is ineerior t o  gutters of mst other 
shapes b a r t f c u u  at l o w  presi-sr s m  mferences  in ccaabustios e f f i -  
ciency axe obtained by using flameholders with cross-sectional shapes other than 
the V-s-. 

. 
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Blow-out Umits. - The effect of cross-sectianal shape on operable fuel-air- 
ra t io  range is shown for  several  typical shqes Fn figure 208. Data frm references 
1 and 30 are included. The effect of gutter shape on the lean ana the rich  fuel- - 
air-rat io   l imits  is SmaLl (0.005 t o  0.01). The principal  effect of shape appeara t o  
be that the minimum pressure fo r  stable ccuibustion ie f r a n  50 t o  200 pounds per 
square  foot higher for  the U-Bhape flameholder than for the other shapes investigated. 

Pressure Loss. - The effect of flemehoLder shape on total-pressure loss between 
burner blet and outlet (excluding  pressure losses in the diffuser) i s  shown in fig- 
ure 209. Without burning (tenperature ra t io  of 1-01, the  pressure loss is  f r o m  1 
t o  2 percent of the burner-inlet  pressure. With the exception of the fhueholder 
with  lmife edges mounted on the sides of the gutter (square symbols), the  pressure 
losses  are the same w i t h  the various flameholders within &l percent over the range 
of burner-tenq?erature ratio  investigated. D a t a  f o r  pressure drop with the U-aha~~e 
gutter are available fran  reference 1 only fo r  the nonburning condition, and are 
shown f o r  the  temperature ra t io  of 1.0 in figure 209. During cold flow, the  pres- 
sure drop for the U-shape gutter ia qpmximately the Same as for the V-gutter. 
Data frcuu reference 30 Indicate, however, that during burning the  pressure-loss 
r a t io  is 0.01 to 0.02 less with the U-shape fl-meholder than with a V-gutter flame- 
holder of the same size   (2Zpercent  blocksge) . 1 

3.1 s-, the experimental investigations have shown that afterburner can- 
bustion  efficiency may vary as mch as 10 percent  with flameholder cross-sectimal 
shape. O f  the various shapes imrestigated, the U-shape flameholder waa Inferior in 
both  stabil i ty lhit and ca&ution  efficiency  to a l l  others. C&ustion efficiency 
and s tab i l i ty  llmits of several shapes were ccmgarable to   the  V-shape flmholder. 
Pressure losses fo r  most of the ahapes were approximately the s m .  

Effects of Gutter Width, Number af Gutters, and 

Blockage on Cceibuation Performance 

The size a d  afiangement of flameholders is one  of the dcanFnant factors  affect- 
ing afterburner performance. The best arrangement of flameholders ie a function of 
the  factors of  envFronment i n  which the fla?neholder muef operate S u c h  as velocity 
and fuel-air-ratio  dietrlbution a t  the fbzeholder and type of vall-cooLing system 
used. It evident,  therefore, that a single opt- location (axia~ and radial 
spacing) of flameholders does not exiat   for all possible envlranmental condiiiims. 
Some general  trends and qualitative  indications of best  location are, however, die-  
cussed in a subsequent section. In this section  the  effects of gutter width, number 
of gutters, and blockage w i l l  be shown for a wide range of envircavnental condit-; 
general trende that are t o  a large degree hxlependent of environment are  discussed. 
A l l  the results are fo r  uas t agged  flameholders . 

Gutter width. - Sane effects of gutter width are llluetrated in figure 210. It 
is, of course, m s s i b l e  fn m y  -riment to  isolate  the  individual  effects of 
gutter width, gutter diameter, number of gutters, end percent blockage. The effects 
shown in figure 210 may, therfore,  be  influenced t o  sane hgree by varFable13 other 
than  gutter wldth end number of gutters. An atteqpt wa8 made In each test t o  min- 
M z e   t h e  extraneous effects. In mst cmeB, the fLameholder6 were located in re- 
gions of nearly uniform afterburner-inlet  velocity t o  avoid large effects of s m a l l  
changes in gutter diemefel?. Particular enq?haeis wa6 placed an praviding a uniflfann 
fuel-air-ratio  distribution at the flameholder .Locatian. 

. 
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IU figure 210(a), sane results frm reference 20 are shorn. Cmbustima ef f i -  
ciency at a fuel-& ra t io  of 0.04 ie platted against buner- ia le t  pressure  for two 
flameholders,  each having two rings and the same blockage but with  gutter width8 of 
2 and 1.6 inches. The 2-lnch-wlde gutter produced a canibustion efficiency two t o  
f ive  poFnts lower then the 1.6-inch gutter. Tests in the same afterburner showed 
that with  liZ-iach-wide gutters canbustion could not be maintained at dl pressure 
levela below  appr-tely loo0 pounde per squaze foot  absohte. The data Bharn in  
figure 210(b), taken f r c m n  w l i s h e d  NACA tes ts ,   are   cmtrmy t o  the wsdth trend 
indicated in figure ZlO(a). For this afterburner, a flameholder eth a 8-inch-wide 
gutter had a c’caibuatim efficiency 2 t o  6 percentage points higher than a flame- 
holder w i t h  a 13-inch-wide gutter. In figure 21O(c), the resul ts  fram  reference 31 
are shown fo r  two flameholders ea& having three V-gutter rings. The lrinch-wlde 
gutter had 48-perceht  blockage, and the 3/4-inch-wide gutter had 29-percent  block- 
age. A t  in le t  pressures near 1ooo pounds per  square  foot  absolute,  the  differences 
in gutter width an& blockage had no appreciable effect on combustion efficiency. 
A t  lower pressures, the  f lueholder  with narrower gutters and Iess blocked area pm- 
duced a canbustion efficiency as much 8,s 5 percentage poFnts less  than the wide 
flameholder. Observation of the flame during the   tes ts  show& that at pressures 
less than 800 pounds per squam? foot absolute the fhme w a s  par t ia l ly  blarn out  with 
the 3/4-inch gutter, whereas the flame with the 15-inch gutter was steady and com- 
plete. It ie thus indicated that the reduction in efficiency at low pressures w m  
due to   t he  nmrow gutters  rather than the smaller blocked mea. 

5 
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Although there aze  inconsistencies in thk data, it appears that increases in 
gutter width above 15 inches have no large  effect on conibuetion efficiency. Reduc- 
t ion in gutter width frau li inches t o  3/4 inch hes no large effect 011 ccnibustion 
efficiency,  but may cause instabi l i ty  of the flame at  low pressures. B u t t e r  widths 
of 1.12 inch did not sugp0r-t cc&ustion at inlet pressures lees than loo0 pounds per 
square foot  absolute. These results were obtained  with  several  afterburners and 
are agparently independent of burner-Met  velocity mer the range between 450 and 
620 feet  per second. Because all of the burnem investigated were 4 feet  OT mare 
in length, the  applicability of the results to shorter afterburners is not -own. 

Blow-out llmits for  flameholders hvbg different  gutter widths (same after- 

1 

burners that provided data of figures Z l O ( a )  and fc) are shown in figure 211. Al- 
though the minimum pressure limits are not clearly defined, it is evident from the 
consistent trends of lean and rich blow-out limits that the minimum pressure fnr 
combustion is higher for   the  narrower gutters. The magnitude. of the  increase in  
minimum pressure limit ae gutter width decreases &an 2 inches t o  3f4 inch is prob- 
ably of the order of 100 pound8 per square foot. Effects of nufiber of gutters on 
blow-out limits for  the afterburners  investigated in references 30 ead 31 w e r e  
negligible. 

Number of gutters. - Scone data sharLng the effect8 of the nutker of flameholder 
gutters  or r b g s  an cduat ion   e f f ic iency  aice presented in figure 212. In this fig- 
ure, a lrinch-wide,  three-ring flameholder is cargared  with a 3/4-inch-wide, three- 
ring flameholder and a %-inch-wide, two-ring fbmeholder. As discmsed previously 
in connection  with the  effects of gutter width, the lower efficiency of the 314- 
hch-wide, three-ring flameholder at low pressures  relative to the +-hch-wide, 

three-ring flameholder is attributed  to  p&ial blow-out (a gutter-width effect)  of 
the narrower gutters. The three-ring, 3/4-inch-wide flameholder and the two-ring, 
15-inch-wide flameholder both had a blockage of 29 percent. The three-ring, 

1 
1 

1 

1 
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l$-inch-wide flmeholder had a blockage of 48 percent.  Ccqmison of. these three 
flameholdera showa that except in t h e   r e g i a  of partial blow-out for  the 3/4-inch 
gutters, there is an impmvement of about 5 percentage  points in combustian e f f l -  
ciency, if three rather than two flameholder r%lgs axe used. It is, of course, not 
possible t o  separate  ccqpletely  the  effects of blockage frm the effects of number 
of rings. Canparison of the three curves at an inlet preasure of 1 W  pounrb per 
square  foot [above the  region of partial blow-out for the 3/4-inch gutters) indi- 
cates that blockage in the range frm 29 t o  48 percent has no separate  effect on 
cambustion efficiency. A t  lower pressures, the  effects of number of gutters and 
blockage on combustion efficiency are not  separable,  but as is shown subsequently, 
it is probable that blockage effects are small. 

The observed effects of nuniber of gutters, as pointed  out in reference 31, are 
probably due to   the increased average  burning tjme obtained by using three.  rings 
(six flame f r m t s  or 1 ~ -  or 2-inch  spacing between gutters), rathex than two rings 
(four flame fronts  or about 3-inch spacing between S t t e r s ) .  If the fhne front 
always extends downstream fKan the  gutter edges at approximately the 6ame angle, It 
is obviazs that the fuel particles will, on the average, encounter a flaw front 
far ther  upstream in the case of the three-ring flameholder than in the case of the 
two-ring  flameholder. Hence, the average  burning time ie greater  for  the Larger 
number of flame fmnts  . 

1 

Although the  available data are meager, it appears that, if the gutters  are 
wide eaough (approximately 1~ in.) t o  prevent partial blow-out at low pressures, 
gains in efficiency of 5 t o  7 percent are  po68ible at burner-inlet pressures be- 
tween 500 and 1ooo pound6 pe2 squsre foot, by using three  rather than tvo flame- 
holder rings. Data are not  available t o  determine the magnitude aP the effects at 
higher  pressures. In view of the apparent insensitivity of cambustion efficiency 
t o  flameholder design at  high ajXerburner-inlet  pressures, it is probable that en 
afterburner  sufficiently 1- t o  operate efficiently at low inlet  pressure uuuld 
not  be  appreciably iqpmUea in performance at hL& pressure by using three flame- 
holder rings instead of two. 

1 

Blockage. - Effects of blockage on afterburner  cabustion  efficiency are shown 
in figure 213 for  several  afterburners at a h€gh and a low pressure level. I]sta 
for this figure were obtaFned with six afterburners, of nfiich three were fLtted 
with dif'ferent flameholders t o  vary the blochge. The number of flameholder guttere 
used i b  indicated by the synbols. Included among the tests axe a wide variety af- 
fuel-air-ratio and velocity distributions at the burner  inlet, average velocity 
level a t  the  burner inlet, number of flameholder rings, and gutter widths. A l l  the 
afterburners are similar, however, in that f u e l  was Fnjected sufficiently fer up- 
stream t o  ensure  adequate mixing end vaporizatian tinae and burner  length was great 
enough t o  provide  &equate  burning time. Although the data at high pressures are 
few and no ope afterburner waa investigated over a range of blockagee at th i s  high 
pressure, it is evident that blockage effects at pressure levels  near 3ooo pounds 
per square foot are very small .  These effects  are confirmed by many results, such 
as those discussed in reference 32, which rq&s afterburners. that operated  with 
high  efficiency at burner-inlet  pressures of the order of 3ooo pounde per square 
foot with  blockages as low as 15 t o  20 percent. 

A t  lower pressures If ig.  2l3(b) 1, gam in efficiency by -wing blockage 
beyond 30 percent appear t o  be negligible. The data for  the upper curve of figure 
W3(b) axe representative of three af the best  current af'terburner deslgne {after- 
burners of r e f s .  6, 31, and 33) in approximately the same state  of developnmt. 

¶ 
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Iche small effect of flameholder  blockage 011 conibustion efficiency  for blockages 
greater  than 30 percent ia particularly qpparent in these data. 

For  blockages less than 30 percent, the canbustion  efficiency decreases EUI 
blockage ’decreases. As indicated Fn the figure, however, the decrease in  efficiency 
with blockage is greater when blockage is reduced by &cress% the number of flame- 
holder gutters  than when blockage is reauCed by decreasing the width d the gutters 
and retaining the same nllpiber of gutters. The reduction in efficiency at the lowest 
blockage may, therefore, be due a t  least in part t o   t h e  use of single-gutter flame- 
holders. The ‘lower m e  of f igue =3(b ) (ref. 30 ), is for  flameholders having two 
gutters, and it is evident that fn this case the decrease in efficiency 88 blockage 
decreases,below 30 percent U much l e a s  than for  the other two curves. These re- 
sults are  further confirmstion of the effects of  nuniter  of flameholder gutters dia- 
cussed previamly in connection  with figure 212. 

Although the effects of blockage on operable  fuel-alr-ratio range and mininnrm 
pressure for  stable  conhistion have not been well docmented, isolated  observations 
do not  indicate any large  or  cansistent  trend with blockage. 

All the results presented in figure 213 &e fo r  flameholdem with f o u  t o  six 
radial gutters  interconnecting  the annular gutters.  Several experiments have shown 
that these  interconnecting gutters have little effect  on conbustion efficiency, ex- 
cept at conditions  near  the minfanmr pressure Umit. It has been shown that in saue 
cases  use of 3ntercoMecting  gutters  bqroves ccaibustion efficiency and operating 
range of fuel-air ra t io  at very low inlet pressures  wtthout any appreciable penalty 
in  flameholder pressure loss. 

S u m a r y .  - The number, arrangement, and size of flameholders (of the V-gutter 
type) me Important des- considerations. For stable snd efficienk ccmibusticm at 
afterburner-inlet pressures down to 600 pomds per  square  foot, minimum gutter width 
appears t o  be about l$ lnches. A t  very high burner-Met  pressures, both two- and 
three-ring flamehalders have &out the semz combustian efficiency; at intermedLa.te 
and low pressures,  three-ring flamehdLaers are superior. A t  burner-inlet  pressures 
m u d  3ooo pund~ per s w e  foot, change in flameholder  blockage over the range 
from approximately 25 t o  r10 percent has negligible effect on ccanbustfon efficiency. 
A t  law pressures (800 lb/aq ft or less), in order t o  provide a sufficient number of 
flameholder rings of adequate width, blockages of 30 percent or more muet be used 
fo r  maximum cornbustion efficiency . Gutter wldth has a f irst-order  effect on mlnirmrm 
pressure for  stable conibuation and on fuel-air-ratio range of afterburners; radial 
gutters  interconnecting  the mnulm flameholder rings have a favorable effect on 
low-pressure urnits. 

Effect of Fhnehdder BlOcka@;e 011 Preseure Drop 

The pressure drop Fn the  afterburner is due to   losses  in the diffuser o r  c d -  
ing l iners,  t o  the aeroayaamic drag of the fbmeholders, and to the moanenturn chesges 
associated wlth ccmbustion of fuel. Numerous approximate methods of calculation of 
these pressure drops have been published (e .g., r e f s .  34, 35, asd chapter II ref. 
14) .  Some measurements of pressure loss in an aftqburner (ref. 31) wi.thout burn- 
ing are shown in figures 214 and W5. The f 7 l d e r s  used were sbuple  nonstaggered 
V-gutters; the various blockages and sizes are indicated in the keys at the  top of 
the figures. A ccpnParis& (fig. 214) of the  pressure amps observed with flameholders 
of the same blockage (29 percent), but ha- different numbers and sizes of gutters, 
indicates that number and size  have 110 sepaxate effects on t h e .  cold-burner pressure 
losses. It is evident that velocity has a very large  effect  on pressure loss and 
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that, In general,  there is a value of velocity at which €he ra te  af change of prei- 
sure loss with velocity  increases very rapidly. 

A cross  plot of the data of figure 214 is given in figure 215. A t  each inlet 
Mach  number, pressure  losses  Increaae  appreciably 0- af te r  blocked area is in- 
creased above about 3 0 .  percent. For a blackeC&ea-oT-35 p2rCeifkF-the pressure 
106s increases from about 0.007 t o  0.024 of the inlet  total pressure aa burner- 
inlet  Mach  number increases from 0.2 (400 ft/sec) t o  0.3 (Soa ft /sec).  It appears 
that blockages as high as 30 percent may be wed at an inlet  Mach  number  of 0.3, or 
as high as 37 percent at an inlet  Mach  number  of 0.2, with a cold  pressure Lo68 of 
only 1 percent.  Pressure losses at a burnff-hdet &ch . i i u m b e r  of"~OO;j06~ccmqnited  by 
a method s h L l a r  t o  that of reference 35 are shown by the daehed line.  The method 
used in reference 35 employs an analytic s o l u t b   f o r  the flar CO&ition6 at   the  
downstream, or  exit,  plane of the flameholder and applicatlon of empirically  deter- 
mined coefficients  to ccimpute the  pressure drop. The a@e&nt between the  calcu- 
lations and the experimental data is good for  pressure  losses of 0.04 or  less. It 
has been previously shown that blockages-. 35 percent  are adequate -for good per- 
formance a t  high altitudes; it is thus apparent that the  "cald-pressure"  losses in- 
troduced by such a  flameholder in an afterburner Bmount t o  only 1 .or 2 percent. 

In figure US(a), the cconbined pressure  losses due t o  drag of the flameholder 
and cooling liner and t o  combustion  of fuel are shown. The pressure loss le shuwn 
as a function of temperature ratio  across  the burner for several flsraeholder block- 
ages. It is apparent that a change in blockage over the range between 22 and 31 -. 

percent has l i t t le  effect . o n  pressure losses durFsg burning. Although the  absolute 
values of the  pressure loss shown i n  figure Zl6(a) are high because of an unusual 
cooling l iner  that was used, the relative  effects of flameholder  blockage are valid. 

In figure 216{b), a conq?srieon is made between the measured pressure 1088 and 
the  pressure loss computed  by the method  of reference 34. Good agreement between - 

the measured  and calculated  values  indicates that, in the absence of cooling liners 
or other extraneous devices, the method of reference 34 I s  adequate for  the predic- 
t ion of internal dterburner  pressure Losses during burn-. 

COMBUSTION SPACE 

The combustion efficiency and maximum obtainable  tenperatme rise in an after- 
burner are, of courBe, functions of the space avalhble  f o r  ccaibus-tion. As length 
is reduced, the time available  for  the completion of caKbustfon (residence  time) is 
reduced and, in addition,  the  distance available for  the spread of flame ~cra36 the 
burner from the flameholders is decreased. -Inasmuch as burner-inlet  conditions in- 
fluence  these  cenbustion  processes, it would be expected that the  effects of the 
combustion space on perf  o-npnce would be .Wf erent: fq.. . W e r e n t  . . .  essure, t -r&- 
ture, and  velocity  levels. The arrangement of the  flamehiolders across  the burner 
cross-section and the amount  of wall taper would also be  expected t o  influence the 
combustion space  requirements. Some of these  effects  for two different classes of 
afterburners  are discussed i n  the  following  paragraphs. 

Effects of Afterburner h g t h  

Take-off afterburner. - In some afterburner installatens, such as in subsonic 
bombers, it may be desirable t o  obtain a moderate amnut of thrust auapaentation at 
take-off and t o  carry  the  afterburner  inoperat  ive at altitude condLtlons. In these 
applications, minimum afterburner  size is required in order t o  reduce weight and 
drag penalties t o  a mlnitmm; internal pressure  losses,  with  their  attendant  penalties 
on engine fuel. consumption, are also of greater relative importance than t h e  combue- 
t ion  efficiency . 

. - ... - 
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An afterburner designed for  take-off  application is shown i n  figure 217. The 
diffuser, flameholder, fue l  system, and perforated liner were designed for  minimum 
pressure  lose, a s  discussed in reference 4, and in part, elsewhere herein. Flame- 
holder blockage amounted t o  about 14 percent of the burner cross-sectional  area. 
The length of the  burner from the flameholder to  the  exhaust-nozzle  outlet was 
varied from 20 to 62 inches by adding ur removing spool sections i n  the 31-inch- 
diameter section of the  burner. The burner-inlet  pressure f o r  the  tests was 3800 
pounds per square foot  absolute, and t h e  burner-inlet  velocity (at  the flameholder 
location) was 350 fee t  per second. 

!Che effect of the  afterburner 1-h on the ccnibustion efficiency is shown in 
figure 218(a). As the length was reduced f r m  62 to 20 inches, the cmfbustion effi- 
ciency  decreased f ran  over 90 percent t o  less than 60 percent. Although the effi- 
ciency  decreased rather  rapidly a8 the length was reduced below 3 feet, such a 
change may not be  important for  a take-&  application because the  afterburner op- 
erates far only a short  time. Of patter importance ia the thrust augmentation 
obtainable  with different burner lengths shown in figure 218(b . For the  reduction 
in length from 62 t o  it0 inches, the thrust augmentation ra t io  t ra t io  of augmented 
thrust t o  normal thrust with the standard tail pipe)  decreased frcm about 1.50 t o  
1.36. It is evident,  therefore, that fo r  an afterburner  designed  for  take-off  use 
only, where the  burner-inlet  pressures are relatively high and cmitustor  efficiency 
is not of primary hportance, a length of 20 t o  30 inches may be  adequate. 

The total-pressure losses across t h i s  afterburner were relatively low. For non- 
afterburning  operation,  the loss in t o t a l  press- f r o a n  turbine  outlet to exhaust - 
nozzle outlet wa8 about 5 percent  for  the burner 1ene;tha investigated. This loss 
is slightly  less  than the total-pressure loss that usually occurs in a standard-, 
nonafterburning tail pipe. 

Altitude  afterburner. - Scme effects of afterburner length on performance fo r  
a limited range of conditions are reported in reference 36; more recent and pre- 
viously unpublished data over a wide range of conditions and with en afterburner 
designed t o  have good performance at high-altitude  conditions  are  discussed herein. 
A sketch of the  afterburner ued is shown in figure 219. A two-ring V-gutter  flame- 
holder of 29 .S-percent  blockage waa installed. Fuel was injected from 24 fuel- 
spray bars located 32 inches  upstream of the flameholder. The afterburner was cyl- 
indrical and its length was  varied in four equal steps from 30 to 66 inches. With 
each burner 1-h investigated,  burner-lnlet total pressure, total temperature, 
and velocity were varied over a wide range. 

The variation of  ccanbustion efficiency  with  burner  length is summarized in 
figure 220 for   the range of burner-Wet  conditions  Fnveatigated. Althcugh reduc- 
ing Wet pressure and taperatme,  or  raising  inlet   velocity lowered the  general 
level  of  ccgdbustion efficiency, all the data showed the same general  trend of in- 
creased ccanbustion efficiency Kith  burner  length.  lncreasing  burner length from 
30 t o  66 inches raised the combustian efficiency by 25 to 35 percentage  points  over 
the range of conditions  investigated. The major portion of this  efficiency  varia- 
t ion occurred between burner lengths of 30 and 42 inches. 

As a result of the  sizeable drop i n  combustion efficiency a t  reduced burner- 
inlet pressures, it follows that a substantial  increase in burner  length is required 
t o  obtain a given efficiency aa burner-inlet  pressure is lowered.  For exmrple, m- 
imum combustion efficiency a t  a burner-inlet  pressure of 750 pounds per square  foot 
was obtained with a burner  length of about 66 inches. Harever, the same efficiency 
requh-ed a burner length of only about 42 inches at a burner-inlet  pressure of 1800 
pounds per  square foot. In addition,  the data of figure 218 indicate the same ef f i -  
ciency was attaFnable with a burner length of only about 32 inches at a burner-Met 
Pressure Of 3800 pOUldS per E q U a r e  foot. 
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The data of figures 220(c) and (a) also Illustrate the  possible trades between 
burner  length and burner-inlet  velocity or tempenture for operation at  constant 
c d u e t i a n  efficiency. With relatively short burners, aa increaee in length of c d y  
a f e w  inchee is required to  offset  the  efficiency  reduction acccmganying a ZOO0 F 
drop in inlet tauperatme or a 1CO-foot-per-second increase in inlet velocity. How- 
ever, fo r  burners langer than about 42 inches the ad&d l-h required tu offeet 
efficiency  losses  resulting from such changes in inlet  conditions becanes very hrge.  
h fact ,  if the burner is already  relatively long, further additions in length vlll 
fa i l  t o  rescore efficiency  losses resulting from increased velocity  or reduced 
teqperature. 

The pressure loss across this afterburner  increased with inlet velocity in the 
m e r  fndicated in figure 214. A s  might be expected, there ma a negligible  effect 
of burner  length on pressure loss. For a burner  tauperature ratio of 2.0 and a 
burner-inlet temperature of 1200° F, the  pressure lose increased Pmm 0.04 t o  0.11 
of the  burner-inlet  total  pressure as Inlet velocity wa6 increased frcm 400 t o  600 
feet  per secaud. 

1 

. 
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Effect of Flemeholder Qutter D i a m e t e r  

Variations in flam.eholder gutter diameter have be& observed to significantly 
influence  the coPlibustion efficiency af au afterburner operathg at high altitudes. 
To demonstrate these  effects, a brief  investigation was conducted using the after- 
burner of figure 219 as the  reference  configuration. Data Fndicating the  effect of 
flameholder gutter diameter were obtained by wing a flameholder ~ L t h  gutter diam- 
eter%  sl ightly smaller than the 'one used in the reference canfiguration. A ccnrpd- 
son of these two flameholders is  shown in figure 221. The advanlxge of movFng the 
gutters farther away from the burner wall is that it eases the problem of shell 
cooling, 88 is discussed i n  a later sectian. 
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The cambustion efficiency obtaFned with the modified fLameholder and that for 
the  reference  cmfiguration (fig. 220) are compared in figure 222. The  modFfied 
flameholder wa8 tested with burner lengths of 42 and 66 inches, and the  data for these 
configurations  are shown  by the solid symbols. Camparison is made with the perfom- 
a c e  of the  reference  flmeholder over a range of lengths previouely  presented in fig- 
ure 220. Moving the  outer  gutter away from the burner wall requires added length for 
the flame front  to reach  the wall, and thus, 88 sharn here, lowers the cambustfon effi- . . .. 

ciency by 5 t o  10 percent with  a  66-inch burner length and as much aa &out 30 percent 
with the 42-inch burner length. This means that mDvFng the flameholder gutters irrward 
t o  ease shel l  cnoling is equivalent t o  reducing  afterburner length.  Far the casea- in- 1 
vestigated, the net effect of the flameholder~modification was t o  reduce the  canbustion 
efficiency by about the same amount as w o u l d  a 15- t o  20-inch reduction in length of 
the  reference  configuration. 

. . .  - 
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Effect of Afterburner-Shell Taper b 

IC0 demonstrate the  effect of burner-shell  taper on performance, the afterburner 
described in f igme 2l9 was operated  with a tapered  burner  eection having a Length 
of 42 inches. A sketch of t h i s  configuratton i6 shown in figure 22.3. 

The conibustion efficiencies obtained xi th   the 42-inch-large tapered afterburner 
are ccerpared with  those for  the  cylindricalreference  afterburner i n  figure 224. 'Ilhe 
data of figure 224(a) indicate that a drop in c&ustion  efficiency of 13 t o  Is 

. 
- .  
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percent  resulted frm tapering  the  burner. IEhe primary reason for  this .drop in 
cambustion efficiency i s  reduced residence time, innnrmlch 88 the volume of the tap- 
ered burner w&8 only 78 percent of that for  the  cylindrical  burner of equal length. 
To illustrate this point  the  cmbustion  efficiencies of the two afterburners are 
ccrmpared in  fi@;ure 224(bj on the basis of afterburner volume instead of length. For 
the shgle point of comprison (ad for two pressure levels 1 , the  efficiency is the 
same for a given afterburner volume, independent of the taper of the  outer shell. 
Such  agreement indicates that  the secondary factore associated  with tapering the 
burner me relatively unbuportant. 
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Because  ccanbustion efficiency is relat ively  hsensi t ive to length variations 
for burners about 60 inches lmg, it mi@;plt be expected that tapering burnem of' 
this length would result in a smaller  efficiency  reduction than was observed with 
the 42-inch burner.  Unfortunately, data fo r  longer  afterburners of sufficiently 
6- design and operating  conditions for  inclusion on figure 224 are not  avail- 
able. However, some slightly  tapered  afterburners about 60 inches in length have 
been found t o  operate with combustian efficiencies of about 90 percent at burner- 
inlet total pressures down t o  about loo0 pounds per square  foot. These observations, 
therefore,  offer saue substantiation  to  the premise that tapering of afterburners 
having a length greater than about fX inches uill have a re lat ively minor effect 
on ccpnbustion efficciency. 

. 
OF A TYPICAL AFTERBURNER 

Performance of as afterburner of fixed design is &feted by inlet values of 
d velocity,  pressure , tenperatme, and by fuel-air ratio.  The effects of inlet con- 

ditians on afterburner  performace are flluatrated t o  acnue degree Fn numerous re- 
porte.  Reference 2, fo r  exeaple, diecusses effects of inlet pressure and VelocFty 
in detail.. Because  most turbojet engines  operate at about the ~ a m e  turbine-outlet 
(afterburner-inlet) temperature, data have not been obtaained to show the effect of 
afterburner-inlet temperature on afterburner performmce. Although the quantitative 
effect of these Wet variables an combustion efficiency  differs  with  afterburner 
design, as is illustrated elsewhere in this report, the  general trends of effi- 
ciency  with changes in inlet cadi t ions  are sbui lar  for  all burners. With t h i s  gen- 
eral i ty  in mind, only a brief summary of the principal trends is given here. 

The afterburner  selected For the  discussion is illustrated in figure 225.  The 
burner is 53 inches long and 2% inches in diameter. A two-ring V-gutter  with R f 

gutter width of % inches and a blocked area of 29 percent was used. Fuel was in- 
jected through radial spray bars located approximately 30 inches upstream of the 
flaneholder. Particular attention was given in the design t o  achieving reasonably . uniform fuel-air-ratio  distribution a t  the afterburner inlet- The afterburner had 
an Inlet-velocity  distribution  (fig. 226) typical of current afterburners. 

1 

In figure 227, the effects of inlet   velocity and inlet pressure on the combus- 
tion efficiency of the burner  are  illustrated. AB sham i n  figure 227(a) , cmbuetion 
efficiency  decreases as burner-inlet  pressure  decreases. A t  an inlet velocity of 
450 feet   per second, the efficiency  decreases about 5 percentage  points as pressure 
decreases frcun loo0 t o  570  pound^ per square  foot. A t  higher  velocities, however, 
the effects of pressure are greater; at an inlet velocity of 600 feet   per second, 
the efficiency falls off ab& 13 percentage points for  thia decrease in pressure. 
As shown i n  figure ZZ7(b), t h i s  divergence  continues for velocities ug t o  700 feet  

creasing pressure from 1060 to 566 pounds per 0quXCe foot at &ZI inlet velocity of 
650 feet  per second. 

- 

5 per second. A loss in  efficiency of about 18 percentage  pointe results frcm de- 
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Although these results are for  a fuel-air   ratio of 0.047, trend are 
obtained, a t  other fuel-air ratios.  . BeCause of the manner in which the  particular 
burner under consideration was opexated, individual effects of fuel-air ratio at 
constant values of pressure and velocity were not  obtained. Fuel-air-ratio effects 
are i l lustrated,  however, for  several burners in the  section on fuel-injectim 
systems. 

The effect  of inlet veloctty on the blow-aut Umt.ts is Uustmted in  figure 
228. The minimum pressure f a r  stable dombustion a t  a glv-en fuel-air  ratio  increases 
sl ightly as burner-inlet  velocity  increases. The minirmrm pressure a t  any fuel-alr 
ratio,  which occurs at a fuel-air   ra t io  of about 0.060, increases  fran about 350 
pounds per square foot at an i n l e t   v e h i t y  of 500 feet  per secmd t o  400 pounda per 
square foot at a velocity of 600 feet per second. 

It may be concluded that the effects of inlet velocity on blow-out limits art: 
smal l  but that the  inlet  velocity and pressure greatly affect the combustion effi- 
ciency, even in an afterburner of good design. Although changes in inlet velocity 
and inlet pressure  affect  the perform~bnce of various burners to   different  degrees, 
the tre& sham by these data ttre general and are probably represenixtive of many 
current  afterburner designs. 

a 

.. - 

The phenomenon  ccDnmonly known as “screech” In afterburners  ie a canbustion in- 
stability  characterized by high-freqgency, high-amplitude pressure  oscillatlom. 
Combustion-chamber pressure has been observed to   osc i l la te  in  VBXLOUEI afterburners 
at frequencies between 800 arrd 4o<x) cyclies per second and with amplitudes between 
one-third a d  one-half”  burner-inlet  pressure. The oscUatFons are u13uaUy 
acconpanied by increased  burner-shell  temperature and inproved combustion efficiency. 
The cmbination of high burner-shell temperature and high-frequency pressure  varia- 
tions  frequently leads to  s t ructural   fa i lure .  N m r k  failures have  been  encaun- 
tered i n  the  afterburner shells, flameholfhrs, and fuel-system conpz~nents after only 
a few minutes of operation  with  screeching ccpnbuetion. A photograph of a typical 
failure due t o  screeching combustion is sham 3n figure 229. Other oscillations of 
lower frequency, often  referred t o  as buzz or rumble, sanetimes occur i n  sfterbur- 
ners, but  screech is the only type of inatabil i ty that h a  becorne a severe opera- 
t ional problem. Sane fundamental considerations of various types of carhuetion in- 
stabil i ty,  including  screech, are discussed in chapter VIII of reference 14. 

” 

The afterburner-inlet  conditions at which screech  occurs differ widely for 
various  afterburner designs. The occurrence of screech has been shorn, however, to 
be consistently related to   fue l -a i r   ra t io  and afterburner-inlet  pressure. ln gen- 
eral ,  screeching canbustion FB observed t o  occur over a wider range of fuel-ab 
ratios as inlet,.  pressure FB inc+ed in the range between 500 and 4000 pounds pirr 
square  foot. Recent unpublished data indicate that at pressures above 4Qoo pounds 
per squaxe foot the range of fuel-dr r a t io  for screech may be reduced. The effects 
of afterburner-inlet  velocity on screech have not been defined  c.mpletely. 

Because of the destructive nature of screeching c d u s t f o n ,  considerable effort 
has been expended in attempts t o  fina methods of suppressing or preventing the oc- 
currence of screech. .!be principal  results of theee  investigations  ire sunnnarized 
in references 37 and 38; they are repeated, in part, in the following discussion. 
Early experiments, conducted before special transient preasure and fhunc-front de- 
tection  instrumentation was available,  cmsisted of determining the effects on 
screech urnits (screech Limits are defiped as. the fuel-air ratio and pressurc can- 
ciitiona at w h i c h  screech starts or stops) of varluw systematic changes in the de- 
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sign features of afterburners : Later experimsnts with both  small-scale  burners and 
full-scale afterburners, ut i l iz ing "e-ial transient  instPmenktion, were made t o  
identify the mode of osclJlation and to develop special devices for  preventing 
screech. 

Effect of Afterburner Desiep on Screech Limits  

In the early experinaents on effects of a;eterburner design on screech limite, 
variations in nearly all afterburner camponents w e r e  investigated.  kcluded in 
these tes t s  were variations Ln radial distribution of fuel-air ratio,  fn distance 
between fuel  injectors md flameholder, in of the  inlet-diffuser centerbody, 
in radial velocity  distribution at the flameholder, in radial location of the  gut- 
ters ,  in flameholder  cross-sectional shape, asd iu gutter width. Results of these 
tes t s  showed that the centerbody shape, the distance between flaneholders, and the 
distance between the f-holder and the  outer wall had no consistent effect OR 
screech urnits. 

In contrast to   these results, the velocity  distribution at the flameholder in- 
fluenced the  screech  l imits  to a cansiderable degree in one e e r b u r n e r .  A high 
degree of w h i r l  or igha l ly  existed at the  turbine  outlet in the particular after- 
burner  investigated. This large whirl resulted in the  velocity  distribution at 
the  burner Wet  (diffuser  outlet) shown by the circled  points in figure 230. With 
this  velocity  distribution,  screech w a s  encountered over a fairly wide range of 
fuel-air ratio,  &B shown in figure 230(b). The addition of antiwhirl vanes (dlamr>nd 
symbols) elhinated the -1 and also elimiaated the low-velocity  region at the 
inner diffuser wall. With the lqmved velocity  profile,  screech w a 8  not encoun- 
tered. To detezdne whether removal of the wff~irl or of the low-velocity  region had 
eliminated. screech, the flow was tripped off the dif fuser inner cone by an obstruc- 
tion. The resultant  velocity  profile at the burner in le t  was very c lose   to  the 
original  profile,  but no whirl was present. With this configuration, screech again 
occurred at approximately the 8- conditionSs as with the orighlnal conffguration. 
It was concluded that the change in velocity profile rather than  the change in whirl 
wa8 responsible for the -roved screech  limits. It is evident,  therefore, that at 
least in th i s  case  the  occurrence of screech was dependent u p n  the  velocity  profile 
at the flameholder. 

An effect of the radial distribution of flrel-air  ratio on screech limits has 
been observed in several "ts. The results have,  however, been er ra t ic  and 
inconclusive. ~n EODE casea, a change of as u t t l e  as 118 inch in the m a i o n  
of fuel-spray bare elimited screech at a particular  operating condition. In other 
cases, larger varia-bioons in radial fuel distribution have been ineffective i n  alter- 
ing  the  screech limits. Reducing the mjxbg distance between the fuel  injectors 
and the flameholder has also successf!ully A l t e d  screech, but  the  required re- 
duction in mixing distance haa always been so great that altitude  perfonmace waa 
sacrificed. Although further research  into  these  effects may reveal some useful 
design c r i t e r i a   fo r  avoiding  screech, it seems unltkely at the present time that 
alteration In fuel distribution will significant  benefit6  in  screech suppres- 
sion without sane performance sacrifice.  

As illutrated in figure 231, the flamePlolder gutter width may influence  the 
screech limits. In this figure,  the rider of times various  flameholders of dif- 
ferent gutter widths were t e a t e d  in  a particular  afterburner is shown; the  solid 
bars represent configurations that screeched, and the open bars those that d.id not 
screech. It ie then  apparent that the wider the  gutter,  the greater the  probability 
that screech w i l l  occur. No screech wa6 encountered Fn the particular afterburner 



investigated if gutters of 1- 3nches or lese in width were used. T h i s  result i 0  

not  general;  other  burners u ing   gu t te rs  88 n a r r o w  as 1/2 inch have  produced screech, 
although of l o w e r  severity. The general  trend of lower screech tendency with nar- 
rower gutters has, however, been confirmed in several other investlgatlans. The 
blockage areas of the flameholders k e d  in these tests were substantially  the s m .  
Separate blodced-area effects have not been determined. 

1 
2 

A few experiments conducted with vakious radial locations of the flameholder 
revealed no effects on screech limits. S i m i l a r l y ,  effects of changing the cros8- 
sectional shape frcnn a "V" t o  8. "U" were negligible. However, the  addition of 
aft spl i t te r   p la te .  (such as those shown schematiccally in f ig .  232) t o  annular V- 
gutters had appreciable  effect on screecwllimits. As sham in figure 232, E 9-inch 
sp l i t t e r  was effective in eljmhating screech a t  8- conditions. Other experiments 
have shown that longer spl i t ter   p la tes  are even more effective in preventing  screech. 
Although the 9-inch sp l i t t e r   p la te  wa8 not  adversely  affected by the surrounding hot 
gases, the  necessity  for coolin@: longer sp l i t t e rs  may W e  them impractical. The 
effects of spl i t ter   p la tes  on combustion efficiency are not known. 

These experiments..ahow that the  conditions Wder which sn afterburner will 
screech may be cmtrolled at least   par t ia l ly  by proper  design of the diffuser,  the 
fuel system, and the  flameholder. Proper selection of these  ccqonents may enable 
many afterburners t o  operate over the  required range of inlet  conditions wlthout 
encountering  screech. In  addition, it appeara fram the  large  effects of flaaLeholder 
design and velocity  Wtribution on screech  limite that the origin or mechani sm of 
sustenance of screech is aasociated with the aerodynamics of the flow upstream of 
the ccnnbustion region 88 w e l l a s  Kith  the  canbustion  process i t s e l f .  This relation 
of the aerodynamic and combustion processes in screech haa been appreciated by many 
investigators,  althaugh  several different theories  to explain the  nature of the 
driving  force  or "feedback" mechanism have .been advwced. It I s  suggested in refer- 
ence 39, fo r  example, that vortex shedding fram the flameholders may account f o r  
the  relation between screeching  canbustion and aerodynamic phenceneaa. Reference 40 
goes farther by stating that the screech oscillations are  driven by vortex-Induced 
variations in the flame area with time. Satisfactary  verWication of either of 
these hypotheses haa not  be=. obtained, however. . .  

Identification of Mode of Oscillation ' 

The tests t o  determine the  effect of burner  configuration on screech limite 
w e r e  ineffective i n  revealing  the origin or nature of the  pressure  oscillation8 en- 
countered &Wing scree&. To identlfy  the mode of osctllation, additional t e s t s  
were conducted on two afterburners i n  which transient  pressure  instrumentation wae 
wed t o  measure tenzperal variations in pressure and t o  determine the phase relation 
between  components  of the pressure  oscilLstions at various s ta t im around the bur- 
ner circumference and along the burner  leagth. 

A typical oscilloecope record from one  of these tests is shown in f i g u r e  233. 
A cross-sectional  sketch of the burner used ahowing the r e h t i v e  psitiom of the 
pressure pickups around the circumference and the flameholder location is sham at 
the bottam of the  figure. The acllloscope  record shdrie that the variatbn aP pres- 
sure with t3me is small at stations 1 and 3 and large at etatiane 2 and 4 .  It irr 
evident that the  pressure  pulsee at stations . 2  and 4. are 180° out of phase. 8- 
phase relations w e r e  measured for  other types of flameholders and for  burners of 
different  size. Analysie of the  possible mdes of oscillation (refs. 14 or  38) 
share that the  indicated phase relakion can occw only i n  the mDde of pr.essure 
oscillation called  the  first  transverse mode. 

.. 
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A diagram schematically W t r a t i n g  the first transverse mode (fig. 234) in- 
dicates that the particle paths are curved transverse  lines. For the first trans- 
verse mode,  two nodes exist; for  higher-order  transverse modes, additional nodes 
exist, with  appropriate  increases in frequency. Phase and f r e  uency  measurements 
indicate, as shown in  figure 235, that fo r  small afterburners labout 6 in. in dim. 1 
without inlet-diffwer centerbodies, the first mode most frequently  exists.  bides 
up to   the  fourth appazently  occur Fp larger afterburners (up t o  36 in. in d m . )  
with  diffuser  centerbodies. The shaded areas of figure 235 indicate the ranges of 
frequencies thae are enccmpassed by the first and fourth modes of oscilLsticn over 
the  rssge of gaa t eqera ture  ( s p e e d  of sound) in the burner. Similar areas, which 
would l i e  between the two shown, can be cauputed for  the second ~IKI the third modes; 
they axe d t t e d  in figure 235 for clarity.  

Oscillation Damping by Perforated W&~.~EI 

After it was established that screeching cconbustion ie sssociated with a trans- 
verse  oscillation, attempts w e r e  made to prevent or su;epress screech by dampening 
the oscll latian with  various  devices arranged inside the burner shell .  Experiments 
were made with an afterburner having fins attached to   t he  wall of the burner that 
extended the  entire length of the cor&ustian c-er. The fins were radial and had 
various  heights and circumferential Bpacinge. The fins altered the  screech  limits 
and the oscillation frequency, but did not -te screech at KU operating condi- 
tions. Other investigstione of the use of fias are reported in reference 41. The 
results Were generally similar t o  the XMA experience, in that the fFns prevented 
screech in scone, but not all, of the configurations investigated. The use of burner- 
shell   taper is also reported in reference 41 t o  have successfully  prevented screech. 
Thia result  is, however, not supported by sim3lar NACh tests,  i n  &lch it a s  found 
that shell  taper of reasonable amounts would not prevent  screech. The difference 
between the results of reference 41 and of the MCh invesk3gation is probably due 
t o  differences in flameholder design, fuel-injection systems, and burner-met  con- 
ditions. Lt may be concluded that the use of fFns or  shell  taper, while beneficial 
in some cases, will not prevent  screech In all burners or under a l l  conditions of 
operation. 

In another attwt t o  dampen the pre~sure oecLJlations, a perforated liaer was 
installed in an afterburner, as shown in ffgure 236. The liner, spaced concentrically 
3/4 Fslch frcm the burner wall, had 3 / 1 6 - i n c h - d t e r  holes throughout, spaced 011 
1/2-inch centers. The l i ne r  extended From a f e w  inches upstream of the flameholder 
to   the  end of the 24-inch-long combdt ia  chaniber. The use of t h i s  liner completely 
prevented  screech  with  several flameholdera at burner-inlet  pressures up t o  approx- 
imately 3ooo pounds per square foot, which waa the maximum pressure  inveatlgated. 

Many additional  testa  with s l r d l a r  perforated liners i n  other &terburaers have 
demonetratedthat  these liners are  effective i n  eliminating  screech over the f u l l  
operable range of fuel-air ra t io  and for burner-inlef; pressures up t o  6500 pounde 
per square  foot  absolute. The conib~tion-chmfber length of these afterburners WBS 
&out 5 feet; liner lengths of 3 feet were sufficient to eliminate screech at all 
conditions  jnvestigated.  corrugated, louvered Uners have appeared t o  be more ef- 
fective than plain cylindrical, perforated liaers. 

flmnnary 

1% is evident that the design of the flameholder, the  fuel  Bystem, and the in- 
let diffuser have an appreciable  influence on the  screech limits ( c o n a t i m  of in- 
let  pressure and fUe1-a- ra t io)  of a9terbmers. These facts  indicate tbt the 



aemdyaamics of the flow approaching the burner are lFnked with the  screech mechan- 
ism. By proper selection of flameholder, fue l  dystem, and dirfueer, many burners 
may be designed t o  be screech-free over t he i r  required range of operation. Phase 
and f r e w n c y  measuremnts of pressure  oscillatiom in several  afterburners have 
led  to   ident i f icat ion of the mdes of oscillation. The olscillatians are transverse 
a d  occur i n  the first t o  fourth &e in m a t  afterburnera  investigated.  Perforated 
cmbustion-chmiber liners have prevented  screeching  canbustian in every afterburner 
investigated over a wide range of fuel-air ra t io  and pressure ccmditions. 

The ccmbinatlon injection. of refrigerants  into  the compressor or combustion 
chamber  of a turbojet engine  with afterburning msy, SB discussed in reference 42, 
result in higher thrust augmentation than = a n  be achieved by either  injection  or 
afterburning  alone. The jet-thrust   ratio ideally obtainable with the cmbined  sys- 
tems is, in fact ,  approximately the product of the thrust ratios obtainable from 
the  individual systems. Ekperlmental investigation of  ccnnbined refrigerant Injec- 
t ion and afterburning are reported in references 43 and 84. In these experimente, 
afterburning was cconbined with injection of annnonia or a water-alcoholmixt;ure. 
Alcohol is nomally added to   the  water because it depresses  the  freezing  point of 
the mjxture and because it serves a convenient s m c e  of the  additional  heat 
needed t o  vaporize the water. Because a water-alcohol mixture grorldes apgreciable 
gains in thrust only at moderately high inlet-& temperatures, tes t s  with these 
fluids were confined t o  sea-level, zero-ram conditions. Ananonis injection, on the 
other hand, provides useful thrust gains at low &Lent temperatures and, come- 
quently, tests with smmonia injection were conducted a t  conditions  simulating flight 
above the tropopause a t  a Mach number  of approjcimately 1.0. 

la reference 43, aueplentatian ratios as high as 1.7 w e r e  obtained by  ccsliblned 
water-alcohol injection and afterburning as conqared t o  about 1.5 for  afterburning 
alone and 1.22 for  injection  alone. Xn reference 44, appreciable thrust increases 
with c d i n e d  ammonia injectton and afterburning over that o b t a b b l e  with either 
system  alone were demawtrated. The thrust increases  obtaiaable by the combined 
a m t a t i o n  systems depend, however, upon the coolant used, the characteristics of 
the engine, and the ges-temgerature limitations in the afterburner. Became of this 
dependence of thrust output on factors other than  afterburner perfonnance, the  ef-  
fect  of the presence of the injected  coolants  (diluents) on the performance of the 
afterburner is discussed in this section with r e m  t o  operating limfts and cm- 
bustion  efficiency of the  afterburner  rather  than  with  regard t o  thrust augmntation 
obtainable. 

The afterburners used i n  the experiments (figs. 237 and 238) w e r e  representative 
of the  best  current  design  practices  as  discussed in other  aections of thls  report .  
The afterburners were mer 5 feet long snd had two- or  three-ring V-gutter flsme- 
holders with blockages of about 35 percent. The fuel-injection system8 were located 
t o  provide  adequate mixing Length. 

Effect of Water-Alcohol Injection 

In figure 239 are shown the  effects of the presence of water and alcohol on 
the canbustion efficiency and outlet-gas temperature of the  afterburner. The mix- 
ture used w&8 30 percent  alcohol an& 70 percent water by vol~; the  alcohol was a 
blend of 50 percent  ethyl and 50 percent methyl alcohol. The value of fuel-air 
ra t io  presented in  the figure is the weight ra t io  of fuel flowhg to  the  afterburner 
(FnclUaing alcohol not consumed i n  the engine ccmbu6tm.s) t o  unburned air flaring 
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t o  the afterburner. Values of equivalence ratio  presented are based on t o t a l  flow 
of all fuels (engine fuel,  afterburner  fuel, and alcahol) and total air  f h .  A t  
each fuel-air  ratio,  or equivalence ratio, increasing the flow of coolant  decremes 
the combustion efficiency. These effects are particularly pronounced at the  higher 
equivalence ratios.  With aa equivalence ra t io  of 0.93, the efficiency decreases 
more than 35 percent aa the  coohnt-to-air  ratio increases from zero t o  0.072. The 
effects of water-alcohol injection on gas temperature are shown in figure 239{b). 
Outlet  temperature  decreases 17 percent over the same range of coolant-to-air  ratios. 
The t w e r a t u r e  could not  be acreased by raising the equivalence ra t io  beyond the 
value of 0.93 because the decrease in conbustian  efficiency  offset  the increase in 
fue l  flow. The large  reduction in combustion efficiency aa water-alcohol flow is 
increased is probably due t o  a reduction in reaction rate, as discussed in 
reference 45. 

The maximum equivalence ratioa that could be used in the engine were limited 
by afterburner  screech. The limits of stable conibustion are shown in  figure 240. 
The afterburner  fuel-&  ratio at which s c r e e c h  occ- was approxb te ly  constant 
over mst of the  coolant flow  range and occurred at a value greater than the fuel- 
air rat io   for  m~urimum temperature. The o v e r 4  equivalence ra t io  was also nearly 
constant over the range of injected flow. 

Although afterburner blQw-uuti  was not encountered in the  full-scale work of 
reference 43, sane small-scale  codmstor work reported in reference 46 indicates 
that for  some burner designs, blow-out limits may be affected by water injection. 
Results of  blow-out tests on a 6-inch-diwneter  V-gutter-type combustor [ref. 48) 
are shown in figure 241. Afterburner  equivalence ra t io  is plotted against the Fn- 
jected water-air  ratio. With the burner operating with JP-3 fuel, the  possible range 
of operdion decreases as water-air ratio  increases, and operatian was not possible 
at water-air ratios above 0.07. 

, Ale0 shown in figure 241 are aperating points fo r  a s l u r r y  fue l  of 60 percent 
magnesium (approximately 3-micron pmticle size) and 40 percent JP-3 fuel. As in- 
dicated by the stable operation  obtained at equivalence ratios over 1.0 at water- 
air  ratios as high 88 0.15 (lfmited only by water-pumping capacity),  the effect of 
water injection on blow-out limits is eliminated in the  practical  range of water 
injection ra te  by the use of the slurry fuel. 

The small-scale  burner results with the slurry fuel have been partially con- 
firmed in a full-scale  afterburner. Uxpublished full-scale  afterburner  teats with 
a slurry of 50 percent m e s i u m  and JP-4 fue l  have shown that stable  screech-free 
operation is possible with a water-air ra t io  of about 0.10 at s toichimetr ic  fuel- 
air ratio i n  the  afterburner. 

Effect of Ammnia Injection 

I 

The effect an carbustion  efficiency and outlet-gas temperature of nmmnnin. in- 
jection in the afterburner of figure 238 is shown in figure 242. In this afterbur- 
ner, m a x b m  combustion efficiency and highest gas temperabe over the range of 
equivalence ratios covered  occurred at an over-all equivalenc_e rat io  of 1.0 for all 
annnonia flm. Increasing the ammnia-air ra t io  decreased  both  the ccaibustion effi- 
ciency and the maximum gas temperature.  This  effect, w h i l e  quite smsll at an equiv- 
alence  ratio of 1.0, became much greater &B the equivalence ra t io  was decreased. 

Although screech waa not  encountered during these tests, the  effect  of amnonia 
injection on blow-out l imits shown in figure 243 w a s  observed. A t  the  higher 
amnonia-injection rates, the  afterburner w a 8  operable  over only a very narrow rmge 
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of equivalence ratios. A t  ammonia-air ratios above 0.05, afterburner  operation was 
not  possible a t  any equivalence ratio at these inlet conditions. A eimilar, though 
less pronounced, trend of decreasing limits of flame propsgation w i t h  increases ia 
ammonia-air rat io  above 0.02 is noted in reference 47. 

The relative  effects of water.and amnonla on afterburner  canbustion efficiency 
caonot be determined by direct camparison of the results because the tests were lv~l 
on different  afterburners  with sanewhat differeat inlet conditione. It ie probable 
that the  superior performance  of the afterburner of figwre- 238 with amnonia Injec- 
t ion as compared to   t he  afterburner in figure 237 with water injection is due, at 
least in pwt, t o  its greater length. 
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Average burner-inlet velccity, ftjsec 

(b) Combustlou efficiency at fuel-air ratio of 0.C47. 

Figure 158. - Etfect of velocity i n  reglon of flameholders on afterburner perio-ce. 
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Figure 159. - Geometric relatione of diffusers investigated to determine 
length effects  . 
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Figure 160. - Performance of four diffueera of different length.  
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(b) Pressure loss. 
Figure 162. - Effect OP length on diffuser performance. 
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Figure 163. - Mffusers used in investigation of inner-body shape. 
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Figure 165. - Effect of vortex generators on diffuser-outlet  velocity 
prof i l e a .  
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Figure 166. - Effect of annular  vanes on aiffuser-outlet  velocity profilea. 



353 

rFlow-straightening vanes 
Outer w a l l 7  

4 / 

\ I  
lene of velocity 

Inner body measurement 
1 " 

I 10 Without sp l i t t e r  shroud 
1200 

800 

400 

0 2 4 6 8 10 
Distance from outer wall, in. 

Figure 167. - Effect of sp l i t t e r  shroud on diffueer-outlet  velocity profile. 
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Figure 168. - Effect af diffuser-outlet  whirl .on afterburner 
performance. - 
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Figure 169. - Effect of straightening  vanes on whirl angles  near 
diffuser  inlet. 
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Figure 171. - Time required to reach operating fuel-manifold pressure for 
an efterburner s t a r t .  
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Figure 172. - T y p l c s l  spark-plug igniter Installation in afterburner. 
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Figure 173. - m f e c t  o f  afterburner-inlet  pressure and temperature on l imi t s  of spon- 
taneous Ignition. Fuel, MIL-F-5624, grade 3P-3, wlth Reid vapor pressure of 7 
pounds per  square inch. 
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Afterburner-inlet total pressure, Ib/sq f t  &e 

Figure 174. - Minimum afterburner fuel-air ratioe at which autoignition  occurred with 

perature, 1710° t o  1760' R. 
several  aftzrburner configurations. Fuel, MIL-F-5624, grade JP-3j burner-inlet tem- 
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Figure 176. - Details of two hot-streak igniters. 
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(a) Altitude, 30,000 feet; burner-inlet t o t a l  pressure, 1720 pounds per 
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(b) u t i t u d e ,  40,000 feet; burner-inlet total pressure 1090 pounds per 
square  foot absolute. 

Afterburner fue l -a i r   ra t i6  

(c) Altitude, 50,oOO feet; burner-inlet  total  pressure, 660 pounds per 
square  foot  absolute. 

Figure 177. - EPfect of a l t i tude on time for afterburner ignition. Flight 
Mach nmiber, 0.6. 
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Figure 178. - Veriation of turbine-stator time constant 
F l i g h t  Mach nyiber, 0.8. 
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Figure 179. - Effect of hot-streak-fuel-injection time on variation 
of turbine-stator-blade  temperature rise with altitude.  Initial 
gas  temperature, 200° R; local gas temperature, 3000' R; equilib- 
rium blade  temperature  equal to 0.93 gas temperature;  flight Mach 
number, 0.8.. 
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Figure 180. - Turbine-outlet  hot-streak eystems evaluated. 
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(a) Configuration A, multlorifice bar. 

(c) Configuration C ,  open-end tube, compared with 
typical preturbine hat-streak configuration. 

Figure 181. - Ign i t ion  limits of turbine-outlet hot- 

turbine hot streak. Turbine-outlet  temperature, 
1710' R. 

streak systems in comparison with typical we- 
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Figure 182. - Oscillograph  indicatione of control-parameter  Variations  during afterburner 
ignition and  transient to steady-state  operation.  Altitude 30,000 feet;  flight Mach 
number, 0.6. 
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Figure 183. - EPfect of afterburner-inlet  total  pressure on 
time t o  reach  stable  operation after igni t ion .  Flight 
Mach number, 0.60. 
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Figure 166. - V i e w  looklng upstream into  full-scale afterburner diffuser ahrnrhg 
typic81 InstSllation of fuel-spray bars at tmbina Mscharge. 
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Figure  187. - E f f e c t  of spray-bay design on f u e l -  
a i r - r a t i o   d i s t r i b u t i o n  22.5 inches- downstream 
of sp ray  bars. Transverse   in jec t ion  from 24 
spray bars having 0.030-inch-diameter orifices. . 
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Figure 188. - Effect of redial location of f u e l  orifices on f u e l - a i r - r a t i o  
d i s t r i b u t i o n  15 inches  downstream of spray bars. Transve r se   i n j ec t ion  
from 20 spray bare. 
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Figure 189. - Comgarison of calculated fue l - s i r - ra t io  distribution with 
measured values from f igure 187. Fuel mixing distance, 22.5 inches. 
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Figure BO. - Comparison of calculated fuel-afr-ratio dietribution with 
measured values of fligure 188. Fuel mixing distance, 15 inches. 
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Figtue 192. - Effect of radial fuel-&-ratio distribution on exhauet-gas tamparatwe. 
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Figure 193. - Effect on combustion efliciency of varying radial distrlbution o f  fuel. 
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(a)  Fuel-alr-r&io  distribution. Average fuel-air ratio, 0.055. 

(b) Co&ustion efficiency. 

Figure 194. - Combustion.perfomnce of afterburner with 
local ly   r ich fuel injection. TranWer8e fuel indection 
from 12 bare having four  0.030-inch-diameter or i f ices .  
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Figure 195. - Variation of fuel-air r a t i o  at which peak com- 
b u s t i o n   e f f i c i e n c y  occurs w i t h  uniformity of f u e l - a i r  ratio 
d i s t r i b u t i o n .  
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(b) 12 Spray bars. 

Figure 196. - Effect of number of spray bars on circumferential  fuel- 
air-ratio  distribntion.  Transverse  injectlou from eight 0.030- 
inch-diameter  orificee in each bar. Gas veloctty, 500 to 600 feet 
per second; burner diameter, 26 Inches. 
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Figure 197. - Effect of number of spray bar8 on com- 
bustLon efficiency.  Transverse  injection. E i g h t  
0.030-inch-diameter or i f ices  per spray bar; gaa 
velocity, 500 t o  600 fee t   per  second. 



Fue l -a i r   r a t io  

Figure  198. - Effect of radial and circumferential  fuel-atr-ratio die- 
t r i b u t l o n  on conibustion efficiency. Orifice diameter, 0.mO inch; 
burner-inlet   velocity,  380 to 480 feet per second. 
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.02 .04 .06 .08 1.0 
Fuel -a i r   ra t io  

Figure 199. - Effect of spray-bar-orifice  size  on combustion 
efficiency.  Traneverse  injection from 24 spray bars, each 
having eight or i f ices .  Gas velocity, 500 t o  600 feet per 
second; burner diameter, 26 inches. 
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0 24 Spray bar0 

12 Long spray bars 
(168 orifices) 

(96 orif ices) 

L 

(a) Exhaust-gas  temperature. 

Afterburner fuel-& ratio 

(b) Combustion efficiency. 
c 

Figure 200. - E f f e c t  of number of fuel-spray bare on combus- 
t i o n  efficiency and exhaust-gas temperature. Burner-inlet 
velocity, approximately 400 feet per second;  diameter of 
transverse injection  orifice, 0.020 inch. 
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Figure 201. - Flow d is t r ibu t ion  anmng orifices of spray bars having various 
r a t io s  of t o t a l  orifice area to spray-bar f l o w  area. 
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. 
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F'uel-air rat ia  

(b) Three concentric manifold ring8 having total  of 144 orliices.  Oriilce diameter, O.oC1 inch. 

P m e  202. - Effect of diraction Or fuel injection on combustion efficiency. 
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Section A-A 

Figure 203. - 
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L t e r c o n n e c t i n g   g u t t e r  

Downstream view 

Typical two-ring  V-gutter  flameholder. 



390 

.16 

3 
bo 

+ 0 

2 
E 

.10 

-P m 

W C A  RM E55G28 

Ratio of shedding frequency  to gas velocity, it-' 

Figure 204. - Effect of cross-sectional  shape on isothermal wake character- 
istics. Gutter width, 314 inch. 
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Afterburner-Inlet pressure,  lb/sq ft abe 

Figure 205. - Eflect of flsmeholder cross-aectloaal shape on afterburner canlbustlon efflciency ae functlon 
of afterburner-inlet pressure. Afterburner fuel-air ratio,  qproximately 0.045. 8 
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" 

(c) Bilwler-Inlet pressure, 566 pounds  per e q w e  fmt  abeolute; fuel-alr ratio, spprori- 
mate-, 0.047. 

Figure 206. - Effect of flwholder erose-eectional ehape on afterburner 88 function of 
eXterburznrr-inlet  velocity. 
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ratio, approximately 0.067. 
..o 

.8 

.6 
3m 400 840 480 520  560 600 

Afterburner-inlet velocity, ft/sec 
0 

( f )  m e r - i n l e t  preesure, 566 pounds per equare foot &solute; fuel-sir  ratio, 
approximately 0.067. 

Figure 206. - Concluded. E f e c t  of flameholder cross-sectional shape on after- - 
burner as function of afterburner-inlet velocity. 
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Figure 207. - Average  difference in afterburner combustion efficiency obtalned 
with various flaiehoider shapes. 
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Cross-sectional 
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L 
a ( a )  Engine afterburner tests  (ref.  32).  

A. 
(b) Simulated afterburner faci l i ty   (ref .  1). 

Figure 208. - Effect of flameholder cross-sectional shape on blow-out l imits.  
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(a) Burner-inlet  velocity, 600 feet per second. 

. 
- . ". . - . 

* 

Figure 209. - Effect of flameholder cmse-sectional shape on after- 
burner pressure Loss. Blockage, 29 percent. 
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(a)  Fuel-area  ratio, 0.043 tm-ring flameholder;  blockage, 
27 percent3  burner-inlet  velocfty, 450 feet   per  second. 

(b)  Fuel-area.  ratio, 0.04; two-ring flameholder; blockage, 
35 percent3  burner-inlet  velocity, 620 feet per eecond. 

1.1 I 

Gutter 
width, 
in. 
1 4% 

3 
4 
- 

29 
.7+ 
400 800 1200 1600 2000 2400 

Afterburner-inlet t o t a l  pressure, .lb/sq f t  abs 

(c)  Fuel-air  ratio, 0.05; three-ring flameholder; burner-Inlet, 
velocity, 520 feet per second. 

Figure 210. - Effect of flameholder  V-gutter  wldth on afterburner 
combustion efficiency. 
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(b) Burner-inlet  velacity, 520 feet per second;  three-gutter flameholder 
(data from ref. 32). 

Figme 211. - Effects of flameholder gutter width Qn afterburner  blow-out 
limits. 

. 
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Number Gutter Blockage, 
of rings  width,  percent 

in. 
1 

3 
4 
1 

0 3 

0 3 
5 48 

29 - 

a 2 1; 29 

400 600 800 1000 1200 1400 
Burner-inlet  pressure, lb/sq f t  abs 

Figure 212. - Effect of number of gut ters  on afterburner conibustion 
efficiency.  Afterburner-inlet  velocity, 520 feet per second; fue l -  
air r a t io ,  0.05. 
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(a) Bufner-inlet  preseure, 3ooo  pound^^ per square foot ebeolute. 
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Mach nuriber 

0 ZUO 400 sod 800 1000 
Mterburner-inlet gas velocity, ft/sec 

FFgure 214. - Effect of afterburner-inlet gas velocity on nonburning 
total-pressure loss. 
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Figure 215. - Effect of flameholder blockage on muburning total-preseure 
loss. 
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i.0 1.4 1.8 2.2 2.t 
Temperature ratio  acroes  burner 

(b) Afterburner  without cooling l i ne r .  Burner- 
i n l e t  Mach number, approximately 0.30, 

I 

3 

Figure 216. - EY?fect of temperature r a t i o  and blocked 
area on preesure  loesee, with burning. 
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l i n e r  
Diffuser  inner body1 bars f lameholder 

Figure 217. - Afterburner  designed f o r  take-off application. 
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.€I 

.6 

.4 r .05  .06 .07 .08 
Afterburner fuel-ah ratio 

(a) Conibustion efficiency. 

Figure 218. - Effect of afterburner length on performance of take-off 
afterburner. Burner-inlet pressure, 3800 pounaS per square foot absolute. 
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1 

4 

Afterburner --air ratio 

(b) Augmented-thrust ra t io .  . 
Figure 2lf3. - Concluded. Effect of afterburner length on performance of 

c 

take-off aftepburner. Burner-inlet pressure, 3800 pounds per square foot 
absolute. 
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Two-rhg, V-gutter flameholder 

Diffuser centerbody 

Figure 219. - Afterburner designed for high-altitude  conditions. 
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. 
I 

Afterburner len&h, i n .  - 
(b) &.mer-inlet veloc.ity, 500 feet per second; i n l e t  temperature, 1200 FJ 

0 
I 

fuel-air   ra t io ,  0.055. 

Figure 220. - Effect of afterburner length on performance of high-altitude 
afterburner. . - . . . . . -. . . . 
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. 

30 40 50 60 70 
Afterburner  length, i n .  

(a)  Burner-inlet   total   pressure,  1275 pounds per  square  foot absolute; 
i n l e t  temperature, 1200' F; fuel-air ratio, 0.055. 

Figure 220. - Concluded. Effect of afterburner length on performance 
of high-alt i tude  afterburner.  
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12" 
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(a) Original flameholder with optimum gutter 
diameters. 

1-1 I 
L 

(b) Modified flameholder wlth reduced gutter 
diametere. 

Figure 221. - Cornpariaon of flameholders ulth optimum and reduced gutter diameters. 
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(a) Burner rinLet veloc.lty, 400 feet per second. 

Afterburner length, i n .  

(b) Burner-inlet  velocity, 550 feet per second. 

Figure 222. - Effect of reduced flameholderrgytter diameter on combustion 
efficiency. Burner-inlet total  temperature, 1200~ F; fuel-air  ratio, 
0.055. 



1 uLFuel injectors \Two-ring, V-gutter  flameholder 
LDiffuser  centerbody 
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I 
Figure 223. - Tapered afterburner designed for  high-altitude  operation. 
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Burne r - in l e t  

to ta l   pressure,  
l b / q  f t  

0 750 
1800 

Conibustor 

.6 

CY Open symbols Cylindrical 
Solid symbols Tapered 

.41 
20 30 40 50 60 70 

Afterburner  length, in. 

(a) Variation  of  efficiency  with afterburner length. 
. .  
" . .  

. Afterburner volume, cu f't 

(b) Variation of efficiency  with  afterburner volume. 

Figure 224. - Effect of dterburner-shel l   taper  on  combustion efficiency. 
Burner-inlet  velocity, 400 feet   per  second; i n l e t   t o t a l  teuqeratWe, 
1 2 0 0 ~  F; f u e l - a b  ratio, 0.055. 
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(a) Efect of burner-inlet  preeeure. 

Burner-inlet  velocity,  ft/aec 

(b) Effect of burner-inlet velocity. 

Figure 227. - Wfect of inlet  pressure and inlet  velocity on combustion 
efficiency of afterburner.  Blockege, 30 percent;  V-gutter  f-holder; 
fuel-air  ratio, 0.047. 
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Fuel-air r a t i o  

Figure 228. - Effect of veloci ty  on stable operating 
range of afterburner  with  30-percent-blocked- 
mea  V-gutter  flameholder. 
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(a) Diff’user-exit  velocity profile. 

. 

I Without vanes 

unknown 

l_/ 1 7’: , 
With vanes 

.01 .02 .03 .04 .05 .06 .07 
A f t e r b u r n e r  fuel-air r a t io  

(b)  Screech llmits. 

Figure 230. - Effect of r w a l  distribution of velocity at afterburner 
in le t  on screech  limite. 
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1-1 No screech 
F!@jj Screech 

Flameholder gu t te r  width, fn .  

Figure 231. - Influence of flameholder  gutter  width on occurrence 
Of screech.  Burner-inlet total pressure, 3850 t o  4220 pounds 
Per WUare foot  absolute;  flameholder  blockage, 32 t o  40 percent 
of flow area. 
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Screech . 
U Normal operation 
V ~ n a  points unknown 

< 1%'' No da ta   ava i lab le  

(a) Burner-inlet  pressure, 1080 pounds per  square  foot. 

(b)  Burner-inlet  pressure, 990 pounds per  square  foot.  

< 
I 1 I I I I I 

.02 .03 .c4 .05 .06 .07 .08 
Afterburner f ue l - a i r   r a t io  

(c) Burner-inlet  preseure, 870 pounds per  square  foot. 

Figure 232. - E f f e c t  of flameholder s p l i t t e r  on screech limits. 
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Microphone 
locations 

Time - 
Oscilloscope traces 

3 

Microphone locations; 
downsttream view. . 

Figure 233. - Phase  relatione of screech  oscillations in 26inch-diameter 
afterburner with  diametrical V - g u t t e r  flameholder. Microphones equally 
spaced;  location of microphone taps, 1.0 inch donnstream of  flameholder; 
flemaholder width, 8 inches;  screech  frequency, 650 cycles per second. 
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Figure 234. - Ideal ized cross sec t ton  of efterburner, showing loci of wave-front 
paths for first transverse mode of o sc i l l a t ion .  
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Figure 235. - Screech  Frequencies of afterburners of various diameters. 
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Figure 236. - Perforated liner instal led in 32-inch-diameter sfterburner for suppression 
of screech. 
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Figure 238. - Afterburner usea with amnmnia injection. Inlet  velocity, 391 f e e t  per second. 
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(a) Cornbution efficiency. 

3800. ' 

Ratio of water-alcohol to air flow 

(b) Afterburner-putlet-gas temperature. 

Figure 239. - Effect of water-alcohol Inject ion on afterburner Per- 
formance. Afterburner-inlet pressure, approximately 3800 pounds 
per  square foot absolute. 
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Coolant-air r a t l o  

. .  
Figure 240. - Afterburmer combustion stability 1lmI.ta HI& water-alcohol. in jec t lon  in compressor. 
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0 Grade JP-3 

0 .04 .08 .12 .16 .20 
Water-air r a t i o  

Figure 241. - Blow-out limits f o r  Jp-3 fue l  and EO-percent 
magnesium slurry fuel In 6-inch burner.  Burner-inlet 
veloci ty ,  300 t o  450 feet per second; burner-Inlet  pressure, 
1100 t o  1700 pounds per  square f o o t  abeolute. 
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(a) Coukustion  efficiency. 

. 

Ammonia-air r a t i o  

-. 

(b) Afterburner-outlet-gas  temperature. 

Figure 242. - Effect  of ammonia in jec t ion  on afterburner  performance.. 
Afterburner-inlet  pressure, 1780 pounds per  square foot absolute. 
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Ammonia-air r a t i o  

Figure 243. - Wfect of ammonia-air ratio on blow-out limits 
Afterburner-inlet pressure, 1780 pounds per square foot  
absolute. 
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